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We derive the necessary conditions to build a class of invisible axion models with Flavor Changing 
Neutral Currents at tree-level controlled by the fermion mixing matrices and present an explicit model 
implementation. A horizontal Peccei–Quinn symmetry provides a solution to the strong CP problem via 
the Peccei–Quinn mechanism and predicts a cold dark mater candidate, the invisible axion or familon. 
The smallness of active neutrino masses can be explained via a type I seesaw mechanism, providing a 
dynamical origin for the heavy seesaw scale. The possibility to avoid the domain wall problem stands as 
one of the most interesting features of the type of models considered. Experimental limits relying on the 
axion–photon coupling, astrophysical considerations and familon searches in rare kaon and muon decays 
are discussed.
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1. Introduction

One of the most intriguing aspects of our current understanding 
of Nature is the remarkable success of the Cabibbo–Kobayashi–
Maskawa (CKM) picture of the Standard Model (SM) [1] together 
with the stringent limits on the neutron electric dipole mo-
ment [2]. This is the root of the strong CP problem [3]. The most 
compelling solution to this issue is probably the Peccei–Quinn (PQ) 
mechanism [4], which predicts the existence of a very light and 
weakly coupled pseudo-Goldstone boson (the axion) resulting from 
the spontaneous breaking of an anomalous chiral U(1)PQ symme-
try [5].

The historical development of axion models has been tightly 
related with the flavor problem of multi-Higgs-doublet models. By 
enlarging the scalar sector of the SM with additional Higgs dou-
blets, flavor changing neutral currents (FCNCs) appear in the scalar 
sector at tree-level. These currents are not suppressed in gen-
eral, causing a disaster from the phenomenological point of view 
since scalar mediated flavor changing transitions are tightly con-
strained [6].

The scalar sector of the original PQ axion model, where the PQ 
and the electroweak (EW) symmetries were spontaneously broken 
at the same scale, consisted of two-Higgs-doublets. It was natural 
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to assume then that the same PQ symmetry responsible for solv-
ing the strong CP problem was also protecting the theory against 
dangerous flavor changing interactions. This was achieved by an 
appropriate choice of the PQ charges, enforcing Natural Flavor Con-
servation (NFC) [7]. Experimental searches for the axion soon ruled 
out this scenario. The first attempts to save the PQ solution to the 
strong CP problem led to variant axion models in which the as-
sumption of NFC was dropped with the objective of suppressing 
some specific axion couplings [8], these kind of models were also 
ruled out by experimental data.

It was realized then that the only way out for the PQ mecha-
nism was to decouple the breaking of the PQ symmetry from the 
EW symmetry breaking. This led to the current status of axion 
models in which the axion mass and couplings are suppressed by 
the PQ symmetry breaking scale, assumed to be much higher than 
the EW scale. Axions arising from these models are termed invis-
ible, stressing the fact that these avoid most of the experimental 
limits without problems. The Kim–Shifman–Vainshtein–Zakharov 
(KSVZ) [9] and Dine–Fischler–Srednicki–Zhitnitsky (DFSZ) [10]
models stand nowadays as benchmark invisible axion models.

We will consider in this letter invisible axion models of the 
DFSZ type where one only introduces additional scalar fields, keep-
ing the same fermionic content as in the SM (with the possibility 
to include right-handed neutrinos). In the DFSZ model the PQ sym-
metry is used to enforce the NFC condition just as in the original 
PQ framework. However, a PQ symmetry with a richer flavor struc-
ture is perfectly possible. Some of the advantages of a PQ symme-
try that is not family universal but rather a horizontal symmetry 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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were discussed in Ref. [11]. Explicit invisible axion models with a 
horizontal PQ symmetry can be found in Refs. [12].

Within the framework of multi-Higgs-doublet models, it has 
been realized that the NFC paradigm is not the only way to sup-
press dangerous flavor changing couplings in the scalar sector to 
phenomenologically acceptable levels. In particular it has been 
pointed out that a flavor symmetry enforcing specific Yukawa tex-
tures can provide a satisfactory protection against dangerous flavor 
changing scalar interactions, even when FCNCs are present at tree 
level [13]. The protection is guaranteed in this case since the only 
sources of flavor changing phenomena are the fermion mixing ma-
trices. We determine in this letter the necessary conditions to build 
axion models with this feature.

In the next section we briefly introduce the so-called Branco–
Grimus–Lavoura (BGL) model [13], allowing us to put our moti-
vations on a more solid ground. In Section 3 we will prove that 
it is not possible to implement axion models within the two-
Higgs-doublet model (2HDM) presented in Section 2 and that an 
extension of the scalar sector is needed. In Section 4, we provide a 
simple extension of the BGL model for which the proposed mech-
anism is possible. The most important features of our model as 
well as a discussion of the experimental constraints on the axion 
are presented in Section 5. We conclude in Section 6.

2. The Branco–Grimus–Lavoura model

In what follows and in order to introduce some of our no-
tation, we shall consider a 2HDM with the doublets denoted by 
Φ j ( j = 1, 2). Both Higgs doublets acquire a vacuum expectation 
value (vev) 〈Φ0

j 〉 = eiα j v j/
√

2 with (v2
1 + v2

2)
1/2 ≡ v = (

√
2G F )−1/2

fixed by the massive gauge boson masses. The presence of an 
additional Higgs doublet extends the Yukawa Lagrangian in both 
sectors, which now takes the general form

−LY = Q 0
L [Γ1Φ1 + Γ2Φ2]d0

R

+ Q 0
L [�1Φ̃1 + �2Φ̃2]u0

R + h.c., (1)

where Φ̃ j = iσ2Φ
∗
j with σ2 being the Pauli matrix. Here Q 0

L stands 
for the left-handed quark doublets while u0

R and d0
R denote the 

right-handed up and down quarks, all of them in a generic fla-
vor basis. There are two independent complex Yukawa matrices 
in each sector, i.e. � j and Γ j . This will generically lead to fla-
vor changing scalar interactions at tree-level, which implies se-
vere phenomenological constraints [6]. The canonical solution to 
this problem is enforcing NFC in the model, which in practical 
terms stands for requesting the simultaneous diagonalizability of 
the Yukawa matrices in each sector. In the 2HDM there are two 
standard ways of implementing the NFC condition:

• Through a symmetry, discrete or continuous, whose role is to 
restrict the number of Yukawas in each sector to one [7].

• Through Yukawa alignment. With this requirement the Yukawa 
matrices in the same sector have the same flavor structure up 
to an overall factor [14].

The second condition is not implemented through a symme-
try [15]. However, it can be seen as an effective theory of a larger 
model with the first condition imposed at the UV level [16]. Or 
even as a first order expansion in a minimal flavor violating sce-
nario [17,18].

Apart from these two flavor conserving solutions, another pos-
sibility is found in the BGL model [13]. In this framework one of 
the sectors will have tree-level FCNCs, but these will be kept under 
control. This is achieved through some particular Yukawa textures
Γ BGL
1 =

(× × ×
× × ×
0 0 0

)
, Γ BGL

2 =
( 0 0 0

0 0 0
× × ×

)
,

�BGL
1 =

(× × 0
× × 0
0 0 0

)
, �BGL

2 =
(0 0 0

0 0 0
0 0 ×

)
, (2)

which can be easily implemented through an abelian symmetry.1

In this case the flavor matrices combinations (orthogonal to the 
mass matrices combinations) encoding the FCNCs take the follow-
ing form in the fermion mass basis [13]2:

(Nd)
BGL
i j = v2

v1
(Dd)i j −

(
v2

v1
+ v1

v2

)(
V †)

i3(V )3 j(Dd) j j,

(Nu)BGL = v2

v1
diag(mu,mc,0) − v1

v2
diag(0,0,mt). (3)

The matrix V represents the CKM quark mixing matrix and Du,d
are diagonal quark mass matrices. The down-quark sector is the 
only one with tree-level FCNCs in this implementation. How-
ever, these are highly suppressed by the down-type quark masses 
and by off-diagonal CKM matrix elements. Detailed phenomeno-
logical studies of the BGL framework have been performed in 
Refs. [21,22]. The BGL model presents several unique features, 
as explained above. However, it still suffers from a few prob-
lems.

The first problem appears in the scalar sector of the model. 
While one may implement the desired Yukawa textures through 
an abelian discrete group, the scalar sector will always possess 
an accidental global U(1) symmetry [13] which, after spontaneous 
symmetry breaking, introduces a Goldstone boson in the model. 
The addition of soft breaking terms or the inclusion of additional 
scalar singlets have been presented as alternatives to evade this 
problem [13].

The second problem is related with the strong CP phase. While 
there are no large contributions to electric dipole moments in the 
BGL model [23], this is based on the assumption of a vanishing or 
very small θ term [3].

In this work we suggest that a global flavored PQ symmetry 
could be responsible for implementing the BGL Yukawa textures as 
well as solving the strong CP problem. This type of strong CP so-
lution introduces a new particle, the axion, and bring several new 
features to the model. For instance, the axion is a well motivated 
cold dark matter candidate given that it is a very light and weakly 
interacting particle [24].

3. The anomalous condition for a BGL-type model

For the desired symmetry to be of the PQ type it has to be 
chiral and SU(3)C anomalous. In what follows we shall find the 
necessary charge conditions for this scenario. We are then inter-
ested in finding the abelian generators such that

Q 0
L → SL Q 0

L , d0
R → Sd

Rd0
R , u0

R → Su
R u0

R , (4)

with

SL = diag
(
ei XuLθ , ei XcLθ , ei XtLθ

)
,

Sd
R = diag

(
ei XdRθ , ei XsRθ , ei XbRθ

)
,

Su
R = diag

(
ei XuRθ , ei XcRθ , ei Xt Rθ

)
, (5)

1 This implementation is unique up to trivial permutations [19,20]. Other varia-
tions can, nevertheless, give distinct phenomenological predictions [21,22].

2 The matrices Nd and Nu are obtained by writing the Yukawa Lagrangian in the 
Higgs basis and diagonalizing the fermion mass matrices [13].
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and

Φ → SΦΦ, with SΦ = diag
(
ei XΦ1θ , ei XΦ2θ

)
. (6)

The Yukawa textures are dictated by the way the fermion fields 
transform, the Higgs field transformations will simply select a spe-
cific texture among all the possible ones [17,19,20,23]. From Eq. (2)
we see that the Yukawas � j are block diagonal in the up-charm 
sector. This forces the left- and right-handed up symmetry gener-
ators to be doubly degenerate, i.e.

SL = diag
(
1,1, ei XtLθ

)
,

Su
R = diag

(
ei XuRθ , ei XuRθ , ei Xt Rθ

)
, (7)

where we have set one of the charges to zero using a global phase 
transformation. The conditions

XtL �= 0 and XuR �= Xt R , (8)

should be satisfied in order not to increase the generators degen-
eracy. The phases appearing in the up-quark Yukawa term are

Θu = θ

( XuR XuR Xt R

XuR XuR Xt R

XuR − XtL XuR − XtL Xt R − XtL

)
, (9)

with Θu called the up-quark phase transformation matrix. From it 
we see that the additional condition

XtL �= −(XuR − Xt R), (10)

is necessary in order to guarantee two distinct block structures. 
The generators in Eq. (7), together with the conditions (8) and (10)
form the complete and minimal set of required conditions for the 
up BGL textures. In order to pick up the desired textures we just 
have to attribute the correct charges to the Higgs fields. We then 
choose the scalar charges

Sup
Φ = diag

(
ei XuRθ , ei(Xt R−XtL)θ

)
. (11)

This choice associates Φ̃ j with the � j of Eq. (2).
We now turn to the down-quark sector. The left-handed trans-

formation is the same, since it is shared by the two sectors. Con-
cerning the right-handed generator for the textures Γ j , see Eq. (2), 
it is constrained to have the form [20]

Sd
R = ei XdRθ1. (12)

Therefore, the down-quark phase transformation matrix is

Θd = θ

( XdR XdR XdR
XdR XdR XdR

XdR − XtL XdR − XtL XdR − XtL

)
. (13)

We now see that the Eqs. (7) and (12), together with the first part 
of condition (8), form the minimal set of required conditions for 
the down BGL textures. To pick up the desired textures we need 
the scalar transformation

Sdown
Φ = diag

(
e−i XdRθ , ei(XtL−XdR )θ

)
. (14)

Note that the two scalar transformations in Eqs. (11) and (14) do 
not generally coincide. In the original BGL formulation it is crucial 
that the Higgs doublet that couples to Γ BGL

1 in the down sector, 
is the same that couples to �BGL

1 in the up sector. The other im-
plementation would introduce new textures, spoiling the BGL-type 
suppression. This requirement leads to the additional charge con-
straint

XdR = −XuR . (15)
Since we introduced a chiral symmetry we get the anomaly free 
condition for the PQ symmetry with the QCD currents[
SU(3)C

]2 × U(1)PQ: 2XtL − Xt R + XuR = 0. (16)

If this anomaly free condition is satisfied it makes both Sup
Φ and 

Sdown
Φ equal. This, in turn, connects the down Γ BGL

2 texture with 
the �BGL

2 texture, which just tell us that the two Higgs BGL imple-
mentation is anomaly free.

Therefore, if we request an anomalous implementation of the 
BGL textures we need to extend the model.

4. 3HDM with a flavored PQ symmetry

In the previous section we showed that the Yukawa textures of 
the BGL 2HDM cannot be imposed via a PQ symmetry. A simple 
solution is to join both Sup

Φ and Sdown
Φ into a single generator. In 

this way we extend the model to a three Higgs scenario with the 
scalar doublets Φk (k = 1, 2, 3), with vevs 〈Φ0

k 〉 = eiαk vk/
√

2 satis-

fying v ≡ (v2
1 + v2

2 + v2
3)

1/2 = (
√

2G F )−1/2. Following the charge 
constraints found in the previous section we set for the quark 
fields the flavored PQ charges

XtL = −2, XuR = 5

2
, Xt R = −1

2
, XdR = −5

2
. (17)

For the leptonic sector many possible implementations of the PQ 
symmetry are available either with Dirac or Majorana neutrinos. 
We shall focus on the last scenario, introducing two right-handed 
neutrino fields, NRi (i = 1, 2). These two fields transform under the 
PQ symmetry with the same phase, XN R . The charge transforma-
tion for this sector take the form

Xτ L = 1, XlR = −1/2, XN R = 1/2, (18)

where we have defined XeR = XμR = Xτ R ≡ XlR and we have set 
XeL = XμL = 0, without loss of generality, just as we did in the 
quark sector.

Current experimental bounds exclude axions coming from a PQ 
symmetry that is broken at the EW scale [3]. Viable axion mod-
els can be obtained if one decouples the PQ symmetry breaking 
from the breaking of the EW symmetry. This can be achieved in 
a similar way as in the DFSZ and KSVZ invisible axion models, 
adding a complex scalar singlet which acquires a very large vev 
〈S〉 = eiαPQ vPQ/

√
2, with vPQ 	 v . The field S will transform under 

the PQ symmetry as

S → eiθ S. (19)

The Yukawa Lagrangian will then take the form

−LY = Q 0
L [Γ1Φ1 + Γ3Φ3]d0

R + Q 0
L [�1Φ̃1 + �2Φ̃2]u0

R

+ L0
L[Π2Φ2 + Π3Φ3]l0R + L0

LΣ3Φ̃3N0
R

+ (
N0

R

)c
AN0

R S∗ + h.c., (20)

with L0
L being the left-handed lepton doublets and l0R denoting the 

right-handed charged leptons, all of them in a generic flavor basis. 
Here A is a general 2 × 2 complex symmetric matrix.

Finally, the Higgs charges are given by

XΦ1 = 5/2, XΦ2 = 3/2, XΦ3 = 1/2, (21)

and the only allowed phase sensitive terms in the scalar potential 
are(
Φ

†
Φ2

)
S,

(
Φ

†
Φ3

)
S2,

(
Φ

†
Φ3

)
S,

(
Φ

†
Φ1

)(
Φ

†
Φ3

)
. (22)
1 1 2 2 2
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In this three-Higgs doublet model implementation we get the fol-
lowing Yukawa textures:

Down: Γ1 = Γ BGL
1 , Γ3 = Γ BGL

2 ;
Up: �1 = �BGL

1 , �2 = �BGL
2 ;

Charged leptons: Π2 = Γ BGL
2 , Π3 = Γ BGL

1 ;
Dirac neutrinos: Σ3 = �BGL

1

∣∣
/3. (23)

The matrix �BGL
1 |/3 corresponds to the original BGL texture but 

with the third column removed. The Yukawa textures implemented 
in this framework are stable under renormalization group evolu-
tion [25].

This model possesses FCNCs in the down-quark sector con-
trolled by the matrices(
N ′

d

)
i j = (Dd)i j − v2

v2
3

(
V †)

i3(V )3 j(Dd) j j,

(Nd)i j = v2

v1
(Dd)i j − v2

v1

(
V †)

i3(V )3 j(Dd) j j, (24)

in the basis where the quarks are mass eigenstates. In the anomaly 
free three Higgs BGL implementation, tree-level Higgs mediated 
|�S| = 2 processes suppressed by only (V ∗

cd V cs)
2 ∼ λ2 (λ � 0.225) 

appear, requiring some of the neutral scalar fields of the theory to 
be heavy [17]. Nonetheless, in this framework, just like in the BGL 
2HDM, we have suppressions of the order (V ∗

td Vts)
2 ∼ λ10.

The model also possesses tree-level FCNCs in the charged lep-
ton sector, although not as suppressed as in the quark sector. These 
will be completely controlled by the Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) matrix [26]. The flavor matrices encoding the FCNC 
interactions among charged leptons take the form(
N ′

e

)
i j = − (v2

1 + v2
2)

v2
3

(De)i j + v2

v2
3

(
U †)

i3(U )3 j(De) j j,

(Ne)i j = − v1

v2

(
U †)

i3(U )3 j(De) j j, (25)

in the fermion mass basis. Here U represents the PMNS mixing 
matrix and De the diagonal charged lepton mass matrix.

The smallness of active neutrino masses is understood in this 
framework via a type I seesaw mechanism [27] once the scalar 
singlet, S , gets a vev. This way the PQ symmetry breaking scale 
provides a dynamical origin for the heavy seesaw scale [28]. The 
effective neutrino mass matrix is given by

mν � − v2
3ei(αPQ−2α3)

2
√

2vPQ
Σ3 A−1Σ T

3 . (26)

One active neutrino remains massless because mν is singular, fix-
ing the size of the other two neutrino masses. For a normal hierar-

chy: m2 =
√

�m2
21 � 9 meV and m3 =

√
|�m2

31| � 50 meV [29]. 
An inverted hierarchy on the other hand implies two quasi-
degenerate neutrinos: m1 ∼ m2 � 50 meV.

5. Discussion on axion and Higgs properties

The anomalous U(1)PQ symmetry in the model presented in the 
previous section is spontaneously broken by the vev of the singlet 
field S at a very high scale. Non-perturbative QCD effects induce a 
potential for the axion field (a) which solves the strong CP problem 
via the PQ mechanism and gives a small mass to the axion. The 
axion mass is given by [5]:

ma � fπmπ |Cag |
v

z1/2

(1 + z)
� 6 meV ×

(
109 GeV

v /|C |
)

, (27)

PQ PQ ag
Table 1
Main features of the 3HFPQ framework compared with the DFSZ and KSVZ invisible 
axion models. CtM stands for Couplings to Matter and FCAI for Flavor Changing 
Axion Interactions, both at tree level. The different values for Caγ /Cag and NDW in 
the DFSZ model correspond to different implementations of the PQ symmetry.

Models KSVZ DFSZ 3HFPQ

BSM fields Q + S Φ2 + S Φ2 + Φ3 + S
PQ fields Q , S q, l, Φ1,2, S

(flavor blind)
q, l, Φ1,2,3, S
(flavor sensitive)

Caγ /Cag 6(Xem
Q )2 2/3,8/3 26/3

CtM No Yes Yes
FCAI No No Yes
NDW 1 3,6 1

and hence it becomes suppressed by the high PQ symmetry break-
ing scale. Here mπ � 135 MeV and fπ � 92 MeV are the pion 
mass and decay constant, respectively. The parameter z is given 
by z = mu/md � 0.56. The quantity Cag is determined by the chiral 
color anomaly of the current associated with the U(1)PQ transfor-
mation [30], in our model it is given by

Cag ≡
∑

i=colored

XiR − XiL = 1. (28)

One of the interesting features of having a flavored PQ symmetry 
is that it is possible to avoid the formation of domain walls during 
the evolution of the Universe [11,31]. In our scenario the domain 
wall number is NDW = |Cag | = 1, thus avoiding the domain wall 
problem [32].

The main features of our three-Higgs flavored PQ (3HFPQ) 
framework are presented in Table 1, a comparison with the DFSZ 
and KSVZ invisible axion models is also done. In the KSVZ model 
one adds to the SM particle content a complex scalar gauge singlet 
(S) together with a color triplet and SU(2)L singlet heavy vector-
like quark (Q ) with electric charge Xem

Q . The SM fields carry no 
PQ charge in the KSVZ model. In the DFSZ model one introduces 
an additional Higgs doublet and a complex scalar gauge singlet. 
There are two possible implementations of NFC in the DFSZ model, 
the Higgs doublet coupling to lR can couple either to down-type 
quarks (type II) or to up-type quarks (flipped). The most signifi-
cant differences of our 3HFPQ framework with the usual bench-
marks for invisible axion models are the presence of tree-level 
flavor changing axion couplings as well as large deviations from 
the axion coupling to photons. The axion coupling to photons is 
described by the Lagrangian

α

8π vPQ
Cag Ceff

aγ aFμν F̃ μν ≡ 1

4
gaγ aFμν F̃ μν. (29)

Here α = e2/4π � 1/137, Fμν is the electromagnetic field strength 
tensor and F̃μν its dual. The factor Ceff

aγ takes the form [33]:

Ceff
aγ � Caγ

Cag
− 2

3

4 + z

1 + z
, (30)

where the second term in Ceff
aγ is a model independent quantity 

which comes from the mixing of the axion with the π0 while Caγ
and Cag are model dependent quantities associated to the axial 
anomaly. In our model

Caγ = 2
∑

i=charged

(XiR − XiL)Q 2
i = 26

3
, (31)

while Cag was already introduced in Eq. (28). The parameter gaγ is 
known as the axion–photon coupling constant. Limits on gaγ as a 
function of the axion mass are shown in Fig. 1. The CERN Axion 
Solar Telescope (CAST) [34] excludes large values of the axion–
photon coupling constant in the range of axion masses considered. 
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Fig. 1. Constraints on the 3HFPQ axion from flavor experiments (μ+ → e+aγ and 
K + → π+a), white-dwarfs (WD) cooling and axion–photon conversion experiments. 
Predictions for the KSVZ (with Xem

Q = 0) and DFSZ models are also shown. The up-
per DFSZ band corresponds to the flipped scenario while the lower band to the 
type II. The WD cooling constraint is shown at the benchmark point v2 � v for 
the 3HFPQ model while for the type II DFSZ we take the most conservative bound 
(triangle).

Expected limits from the International Axion Observatory (IAXO), a 
proposed fourth generation axion helioscope [35], are also shown. 
Microwave cavity haloscopes, including the Axion Dark Matter ex-
periment (ADMX), exclude a window for the dark matter axion 
around a few μeV. The latest type of experiments searches for cold 
dark matter axions in the local galactic dark matter halo [36,37]. 
Limits from massive stars [37,38], though not explicitly shown, put 
a limit similar to that from CAST.

A pseudo-Goldstone boson arising from the spontaneous break-
ing of a horizontal symmetry, known as a familon, could be de-
tected in kaon or muon decays [39,11,40]. In our framework the 
flavor changing couplings are controlled by the fermion mixing 
matrices and a robust upper bound on the axion mass can be 
extracted from the experimental limits on these processes. The rel-
evant flavor violating interactions are described by

∂μa

2vPQ

[
μ̄γ μ

(
gV
μe + γ5 g A

μe

)
e + s̄γ μ

(
gV

sd + γ5 g A
sd

)
d
] + h.c., (32)

with

gV ,A
sd = −2V ∗

ts Vtd, gV ,A
μe = U∗

τ2Uτ1. (33)

A limit ma ≤ 12 meV is obtained from μ+ → e+aγ decays [41]
while ma ≤ 18 meV is derived from limits on K + → π+a [42].3

These limits are also shown in Fig. 1, excluding axions heavier 
than 12 meV in our 3HFPQ framework. Future improvements on 
the K + → π+a limits may be achieved at the NA62 experiment at 
CERN [44]. Improving the limits on μ → eaγ decays on the other 
hand is very challenging with the current experimental facilities, 
see discussion in Ref. [45].

Stellar evolution and white-dwarf cooling considerations give 
the strongest constraints on the axion coupling to electrons 
[46,47]. The axion–electron axial coupling is given in our model 
by

g A
ee

∂μa

2vPQ
eγ μγ5e, with g A

ee = −2 + |Uτ1|2 + v2
2 + 2v2

3

v2
. (34)

3 We do not use the experimental limits on μ+ → e+a [43] since these assume 
that the lepton flavor violating axion couplings are of vectorial type. In our frame-
work, vector and axial lepton flavor violating couplings are equal.
From the limit |g A
ee|me/vPQ < 1.3 × 10−13 [46,47], we extract the 

mass bound

ma � 1.5/
∣∣g A

ee

∣∣ meV, (35)

which depends on the vevs of the scalar doublets. Imposing a per-
turbativity bound on the top quark Yukawa, |(�2)33| �

√
4π , and 

scanning over the vevs we get the following range of variation for 
the axion–electron coupling: |g A

ee| ∈ [0, 1.8]. In the top-vev domi-
nance regime, i.e. when v2 ∼ v , one obtains an upper bound on 
the axion mass ma � 1.7 meV which puts the 3HFPQ axion below 
the expected sensitivity of the IAXO. The axion–nucleon interac-
tions are constrained by the requirement that the neutrino signal 
of the supernova SN 1987A is not excessively shortened by ax-
ion losses [46]. We find these constraints to be similar to those 
coming from the bounds on the axion–electron coupling. However, 
the SN 1987A limit involves many uncertainties which are diffi-
cult to quantify [46]. Fig. 1 summarizes all the constraints on the 
axion discussed. The axion can also be tested in dedicated labo-
ratory experiments looking for oscillating nucleon electric dipole 
moments [48–50], axion induced atomic transitions [51] and os-
cillating parity- and time reversal-violating effects in atoms and 
molecules [49,50].

The model considered can also give rise to a rich phenomenol-
ogy in the Higgs sector. The scalar doublets will receive large cor-
rections to the mass matrix coming from the PQ breaking scale. We 
have the diagonal contributions, i.e. |Φi |2|S|2, and the off-diagonal 
ones present in Eq. (22). Up to O(v2/v2

PQ) the mass-squared ma-
trix for the doublets will have a democratic texture with an overall 
PQ scale. Therefore, a possible decoupling limit has the singlet and 
one doublet at the PQ scale, while the other two doublets remain 
at the weak scale. At the effective level, the model would then be 
very similar to the BGL 2HDM implementation. A rich scalar sec-
tor at the weak scale opens the possibility to observe rare flavor 
transitions mediated by scalar bosons [21] as well as the direct 
discovery of additional scalars at the LHC [22]. Furthermore, cor-
relations between the flavor structure of the Higgs sector and the 
axion couplings arise in our model due to the underlying PQ sym-
metry. These correlations are experimentally testable in principle.

6. Conclusions

We have derived the necessary conditions to build an invisi-
ble axion model with tree-level FCNC completely controlled by the 
fermion mixing matrices. It was shown that these kind of models 
cannot be built with two-Higgs-doublets and we have provided an 
explicit implementation with three-Higgs-doublets.

The invisible axion in our framework possesses flavor chang-
ing couplings at tree-level which are constrained experimentally 
from kaon and muon decay experiments. Limits from rare flavor 
transitions, astrophysical considerations and axion searches rely-
ing on the axion–photon coupling were analyzed. Astrophysical 
axion bounds depend in general on the vevs of the Higgs dou-
blets, in some regions of the parameter space the bound obtained 
from white-dwarfs can be as strong as ma � 0.8 meV. Flavor pro-
cesses put an upper bound on the axion mass ma � 12 meV which 
does not depend on any free parameter of the model. Future re-
sults from microwave cavity experiments are expected to probe 
our model for axions around ma ∼ 1–20 μeV.

The axion or familon of this framework provides a well moti-
vated cold dark matter candidate. Moreover, it is possible to ex-
plain the smallness of active neutrino masses via a type I seesaw 
mechanism, providing a dynamical origin for the heavy seesaw 
scale. We have also shown that the model studied in this letter has 
NDW = 1 and therefore avoids the domain wall problem. On the 
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other hand, in this letter we are dealing with an ad-hoc PQ sym-
metry. It could be argued that the imposition of a symmetry which 
is anomalous and therefore broken at the quantum level is un-
natural. Moreover, we have not discussed how to stabilize the PQ 
solution to the strong CP problem against gravitational effects, see 
Ref. [52] and references therein. A possible solution to both issues 
can be achieved in models where the PQ symmetry is no longer ad 
hoc but the result of an underlying discrete gauge symmetry [53]. 
The implementation of this mechanism in the model we presented 
lies beyond the scope of the present work and is addressed in an-
other publication [54].

Acknowledgements

The work of A.C. and J.F. has been supported in part by the 
Spanish MINECO and the ERDF from the EU Commission [Grants 
FPA2011-23778 and CSD2007-00042 (Consolider Project CPAN)]. 
J.F. also acknowledges VLC-CAMPUS for an “Atracció del Talent” 
scholarship and the National Science Council of Taiwan for the 
“Summer Program in Taiwan 2014 for Spanish Graduate Students”. 
Part of H.S.’s work was funded by the ERDF, Spanish MINECO, un-
der the grant FPA2011-23596. H.S.’s work was also supported by 
the National Research Foundation of Korea (NRF) grant funded by 
the Korea Government (MEST) (No. 2012R1A2A2A01045722), and 
also supported by Basic Science Research Program through the Na-
tional Research Foundation of Korea (NRF) funded by the Ministry 
of Education, Science and Technology (No. 2013R1A1A1062597). 
Finally, H.S. acknowledges the Portuguese FCT project PTDC/FIS-
NUC/0548/2012.

References

[1] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531;
M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[2] C.A. Baker, et al., Phys. Rev. Lett. 97 (2006) 131801, arXiv:hep-ex/0602020.
[3] H.-Y. Cheng, Phys. Rep. 158 (1988) 1;

R.D. Peccei, Lect. Notes Phys. 741 (2008) 3, arXiv:hep-ph/0607268;
J.E. Kim, G. Carosi, Rev. Mod. Phys. 82 (2010) 557, arXiv:0807.3125 [hep-ph].

[4] R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38 (1977) 1440;
R.D. Peccei, H.R. Quinn, Phys. Rev. D 16 (1977) 1791.

[5] S. Weinberg, Phys. Rev. Lett. 40 (1978) 223;
F. Wilczek, Phys. Rev. Lett. 40 (1978) 279.

[6] M. Bona, et al., UTfit Collaboration, J. High Energy Phys. 0803 (2008) 049, 
arXiv:0707.0636 [hep-ph].

[7] S.L. Glashow, S. Weinberg, Phys. Rev. D 15 (1977) 1958;
E.A. Paschos, Phys. Rev. D 15 (1977) 1966.

[8] R.D. Peccei, T.T. Wu, T. Yanagida, Phys. Lett. B 172 (1986) 435;
W.A. Bardeen, R.D. Peccei, T. Yanagida, Nucl. Phys. B 279 (1987) 401.

[9] J.E. Kim, Phys. Rev. Lett. 43 (1979) 103;
M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B 166 (1980) 493.

[10] A.R. Zhitnitsky, Sov. J. Nucl. Phys. 31 (1980) 260;
A.R. Zhitnitsky, Yad. Fiz. 31 (1980) 497;
M. Dine, W. Fischler, M. Srednicki, Phys. Lett. B 104 (1981) 199.

[11] F. Wilczek, Phys. Rev. Lett. 49 (1982) 1549.
[12] A. Davidson, M.A.H. Vozmediano, Nucl. Phys. B 248 (1984) 647;

C.Q. Geng, J.N. Ng, Phys. Rev. D 39 (1989) 1449;
Z.G. Berezhiani, M.Y. Khlopov, Sov. J. Nucl. Phys. 51 (1990) 739;
Z.G. Berezhiani, M.Y. Khlopov, Yad. Fiz. 51 (1990) 1157;
Z.G. Berezhiani, M.Y. Khlopov, Sov. J. Nucl. Phys. 51 (1990) 935;
Z.G. Berezhiani, M.Y. Khlopov, Yad. Fiz. 51 (1990) 1479;
M. Hindmarsh, P. Moulatsiotis, Phys. Rev. D 56 (1997) 8074, arXiv:hep-ph/
9708281;
M. Hindmarsh, P. Moulatsiotis, Phys. Rev. D 59 (1999) 055015, arXiv:hep-ph/
9807363;
Y.H. Ahn, arXiv:1410.1634 [hep-ph].

[13] G.C. Branco, W. Grimus, L. Lavoura, Phys. Lett. B 380 (1996) 119, arXiv:
hep-ph/9601383.

[14] A. Pich, P. Tuzon, Phys. Rev. D 80 (2009) 091702, arXiv:0908.1554 [hep-ph].
[15] P.M. Ferreira, L. Lavoura, J.P. Silva, Phys. Lett. B 688 (2010) 341, arXiv:1001.2561 

[hep-ph].
[16] K.J. Bae, Phys. Rev. D 82 (2010) 055004, arXiv:1003.5869 [hep-ph];

H. Serodio, Phys. Lett. B 700 (2011) 133, arXiv:1104.2545 [hep-ph];
G. Cree, H.E. Logan, Phys. Rev. D 84 (2011) 055021, arXiv:1106.4039 [hep-ph];
I. de Medeiros Varzielas, Phys. Lett. B 701 (2011) 597, arXiv:1104.2601
[hep-ph];
A. Celis, J. Fuentes-Martin, H. Serodio, Phys. Lett. B 737 (2014) 185, arXiv:
1407.0971 [hep-ph].

[17] F.J. Botella, G.C. Branco, M.N. Rebelo, Phys. Lett. B 687 (2010) 194, arXiv:
0911.1753 [hep-ph].

[18] A.J. Buras, et al., J. High Energy Phys. 1010 (2010) 009, arXiv:1005.5310
[hep-ph].

[19] P.M. Ferreira, J.P. Silva, Phys. Rev. D 83 (2011) 065026, arXiv:1012.2874
[hep-ph].

[20] H. Serodio, Phys. Rev. D 88 (5) (2013) 056015, arXiv:1307.4773 [hep-ph].
[21] F.J. Botella, et al., J. High Energy Phys. 1407 (2014) 078, arXiv:1401.6147

[hep-ph].
[22] G. Bhattacharyya, D. Das, A. Kundu, Phys. Rev. D 89 (2014) 095029, arXiv:

1402.0364 [hep-ph].
[23] F.J. Botella, G.C. Branco, M.N. Rebelo, Phys. Lett. B 722 (2013) 76, arXiv:

1210.8163 [hep-ph].
[24] J. Preskill, M.B. Wise, F. Wilczek, Phys. Lett. B 120 (1983) 127;

L.F. Abbott, P. Sikivie, Phys. Lett. B 120 (1983) 133;
M. Dine, W. Fischler, Phys. Lett. B 120 (1983) 137;
M.S. Turner, F. Wilczek, Phys. Rev. Lett. 66 (1991) 5;
D.H. Lyth, E.D. Stewart, Phys. Rev. D 46 (1992) 532.

[25] F.J. Botella, et al., J. High Energy Phys. 1110 (2011) 037, arXiv:1102.0520
[hep-ph].

[26] B. Pontecorvo, Sov. Phys. JETP 7 (1958) 172;
B. Pontecorvo, Zh. Eksp. Teor. Fiz. 34 (1957) 247;
Z. Maki, M. Nakagawa, S. Sakata, Prog. Theor. Phys. 28 (1962) 870;
B. Pontecorvo, Sov. Phys. JETP 26 (1968) 984;
B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53 (1967) 1717.

[27] P. Minkowski, Phys. Lett. B 67 (1977) 421;
M. Gell-Mann, P. Ramond, R. Slansky, Conf. Proc. C 790927 (1979) 315, arXiv:
1306.4669 [hep-th];
T. Yanagida, Conf. Proc. C 7902131 (1979) 95;
R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912;
J. Schechter, J.W.F. Valle, Phys. Rev. D 22 (1980) 2227.

[28] Y. Chikashige, R.N. Mohapatra, R.D. Peccei, Phys. Lett. B 98 (1981) 265;
G.B. Gelmini, M. Roncadelli, Phys. Lett. B 99 (1981) 411;
J.E. Kim, Phys. Lett. B 107 (1981) 69;
P. Langacker, R.D. Peccei, T. Yanagida, Mod. Phys. Lett. A 1 (1986) 541.

[29] D.V. Forero, M. Tortola, J.W.F. Valle, arXiv:1405.7540 [hep-ph].
[30] S.L. Adler, Phys. Rev. 177 (1969) 2426;

J.S. Bell, R. Jackiw, Nuovo Cimento A 60 (1969) 47;
W.A. Bardeen, Phys. Rev. 184 (1969) 1848.

[31] Y.B. Zeldovich, I.Y. Kobzarev, L.B. Okun, Zh. Eksp. Teor. Fiz. 67 (1974) 3;
Y.B. Zeldovich, I.Y. Kobzarev, L.B. Okun, Sov. Phys. JETP 40 (1974) 1;
P. Sikivie, ADMX Collaboration, Phys. Rev. Lett. 48 (1982) 1156;
G. Lazarides, Q. Shafi, Phys. Lett. B 115 (1982) 21.

[32] S.M. Barr, K. Choi, J.E. Kim, Nucl. Phys. B 283 (1987) 591.
[33] M. Srednicki, Nucl. Phys. B 260 (1985) 689;

D.B. Kaplan, Nucl. Phys. B 260 (1985) 215.
[34] K. Zioutas, et al., CAST Collaboration, Phys. Rev. Lett. 94 (2005) 121301, arXiv:

hep-ex/0411033;
S. Andriamonje, et al., CAST Collaboration, J. Cosmol. Astropart. Phys. 0704 
(2007) 010, arXiv:hep-ex/0702006.

[35] I.G. Irastorza, et al., J. Cosmol. Astropart. Phys. 1106 (2011) 013, arXiv:
1103.5334 [hep-ex];
I.G. Irastorza, Tech. Rep. SPSCI-242, CERN, Geneva, 2013. CERN-SPSC-2013-022.

[36] S. De Panfilis, et al., Phys. Rev. Lett. 59 (1987) 839;
W. Wuensch, et al., Phys. Rev. D 40 (1989) 3153;
C. Hagmann, P. Sikivie, N.S. Sullivan, D.B. Tanner, Phys. Rev. D 42 (1990) 1297;
S.J. Asztalos, et al., ADMX Collaboration, Phys. Rev. D 69 (2004) 011101, 
arXiv:astro-ph/0310042;
S.J. Asztalos, et al., ADMX Collaboration, Phys. Rev. Lett. 104 (2010) 041301, 
arXiv:0910.5914 [astro-ph.CO].

[37] G. Carosi, et al., arXiv:1309.7035 [hep-ph].
[38] A. Friedland, M. Giannotti, M. Wise, Phys. Rev. Lett. 110 (2013) 061101, arXiv:

1210.1271 [hep-ph].
[39] D.B. Reiss, Phys. Lett. B 115 (1982) 217.
[40] J.L. Feng, et al., Phys. Rev. D 57 (1998) 5875.
[41] R.D. Bolton, et al., Phys. Rev. D 38 (1988) 2077.
[42] S.S. Adler, et al., E787 Collaboration, Phys. Lett. B 537 (2002) 211, arXiv:

hep-ex/0201037.
[43] A. Jodidio, et al., Phys. Rev. D 34 (1986) 1967;

A. Jodidio, et al., Phys. Rev. D 37 (1988) 237 (Erratum).
[44] R. Fantechi, NA62 Collaboration, arXiv:1407.8213 [physics.ins-det].
[45] M. Hirsch, et al., Phys. Rev. D 79 (2009) 055023;

M. Hirsch, et al., Phys. Rev. D 79 (2009) 079901 (Erratum), arXiv:0902.0525 
[hep-ph].

http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4361626962626F3A31393633797As1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4361626962626F3A31393633797As2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib42616B65723A323030367473s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368656E673A313938376770s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368656E673A313938376770s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368656E673A313938376770s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5065636365693A313937376868s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5065636365693A313937376868s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5765696E626572673A313937376D61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5765696E626572673A313937376D61s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F6E613A323030377669s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F6E613A323030377669s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib476C6173686F773A313937366E74s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib476C6173686F773A313937366E74s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5065636365693A31393836706Es1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5065636365693A31393836706Es2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4B696D3A313937396966s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4B696D3A313937396966s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A6869746E6974736B793A313938307471s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A6869746E6974736B793A313938307471s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A6869746E6974736B793A313938307471s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib57696C637A656B3A313938327276s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs6
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs7
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs7
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs8
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs8
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4461766964736F6E3A31393834696Bs9
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4272616E636F3A313939366271s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4272616E636F3A313939366271s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506963683A323030397370s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46657272656972613A323031307865s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46657272656972613A323031307865s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4261653A323031306169s5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323030397071s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323030397071s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib42757261733A323031306D68s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib42757261733A323031306D68s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46657272656972613A323031306972s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46657272656972613A323031306972s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5365726F64696F3A32303133676B61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A32303134736B61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A32303134736B61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426861747461636861727979613A323031346E6A61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426861747461636861727979613A323031346E6A61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323031326162s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323031326162s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib507265736B696C6C3A313938326379s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib507265736B696C6C3A313938326379s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib507265736B696C6C3A313938326379s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib507265736B696C6C3A313938326379s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib507265736B696C6C3A313938326379s5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323031316E65s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F74656C6C613A323031316E65s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506F6E7465636F72766F3A313935377164s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506F6E7465636F72766F3A313935377164s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506F6E7465636F72766F3A313935377164s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506F6E7465636F72766F3A313935377164s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib506F6E7465636F72766F3A313935377164s5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4D696E6B6F77736B693A313937377363s5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368696B6173686967653A313938307569s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368696B6173686967653A313938307569s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368696B6173686967653A313938307569s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4368696B6173686967653A313938307569s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib466F7265726F3A32303134627861s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib41646C65723A31393639676Bs1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib41646C65723A31393639676Bs2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib41646C65723A31393639676Bs3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A656C646F766963683A313937347577s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A656C646F766963683A313937347577s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A656C646F766963683A313937347577s3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A656C646F766963683A313937347577s4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426172723A313938366873s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib537265646E69636B693A313938357864s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib537265646E69636B693A313938357864s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A696F757461733A323030346869s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A696F757461733A323030346869s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A696F757461733A323030346869s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib5A696F757461733A323030346869s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib49726173746F727A613A323031316773s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib49726173746F727A613A323031316773s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib49726173746F727A613A323031316773s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs3
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs4
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446550616E66696C69733A31393837646Bs5
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4361726F73693A32303133726C61s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46726965646C616E643A32303132686As1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46726965646C616E643A32303132686As1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib52656973733A313938327371s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46656E673A31393937746Es1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426F6C746F6E3A313938386166s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib41646C65723A323030326879s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib41646C65723A323030326879s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4A6F646964696F3A313938366D7As1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4A6F646964696F3A313938366D7As2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib46616E74656368693A32303134687161s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4869727363683A323030396565s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4869727363683A323030396565s2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib4869727363683A323030396565s2


A. Celis et al. / Physics Letters B 741 (2015) 117–123 123
[46] G.G. Raffelt, Lect. Notes Phys. 741 (2008) 51, arXiv:hep-ph/0611350.
[47] M.M. Miller Bertolami, et al., arXiv:1406.7712 [hep-ph].
[48] P.W. Graham, S. Rajendran, Phys. Rev. D 84 (2011) 055013, arXiv:1101.2691 

[hep-ph];
D. Budker, P.W. Graham, M. Ledbetter, S. Rajendran, A. Sushkov, Phys. Rev. X 4 
(2014) 021030, arXiv:1306.6089 [hep-ph].

[49] Y.V. Stadnik, V.V. Flambaum, Phys. Rev. D 89 (4) (2014) 043522, arXiv:
1312.6667 [hep-ph].
[50] B.M. Roberts, Y.V. Stadnik, V.A. Dzuba, V.V. Flambaum, N. Leefer, D. Budker, 
arXiv:1409.2564 [hep-ph].

[51] P. Sikivie, arXiv:1409.2806 [hep-ph].
[52] A.G. Dias, et al., J. High Energy Phys. 1406 (2014) 037, arXiv:1403.5760

[hep-ph].
[53] K.S. Babu, I. Gogoladze, K. Wang, Phys. Lett. B 560 (2003) 214, arXiv:hep-ph/

0212339.
[54] A. Celis, J. Fuentes-Martin, H. Serodio, arXiv:1410.6218 [hep-ph].

http://refhub.elsevier.com/S0370-2693(14)00899-5/bib52616666656C743A323030366377s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426572746F6C616D693A32303134777561s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib47726168616D3A32303131716Bs1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib47726168616D3A32303131716Bs1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib47726168616D3A32303131716Bs2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib47726168616D3A32303131716Bs2
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib537461646E696B3A32303133726161s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib537461646E696B3A32303133726161s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib526F62657274733A32303134636761s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib526F62657274733A32303134636761s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib53696B697669653A323031346C6861s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446961733A323031346F7361s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib446961733A323031346F7361s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426162753A323030326963s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib426162753A323030326963s1
http://refhub.elsevier.com/S0370-2693(14)00899-5/bib43656C69733A323031346A7561s1

	An invisible axion model with controlled FCNCs at tree level
	1 Introduction 
	2 The Branco-Grimus-Lavoura model
	3 The anomalous condition for a BGL-type model
	4 3HDM with a ﬂavored PQ symmetry
	5 Discussion on axion and Higgs properties
	6 Conclusions
	Acknowledgements
	References


