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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)pg 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
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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
®@; (j =1,2). Both Higgs doublets acquire a vacuum expectation
value (vev) (@?) =e%v;/y2 with (v +vH)1/2 =v = (V2Gp)~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 = QN ®1 + N®sldy
+Q?[A151 +A252]u%+h.c., (1)

where qu = iazq);f‘ with o3 being the Pauli matrix. Here QE stands

for the left-handed quark doublets while u% and d% 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. Aj and Ij. 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:

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

e 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

X X X 0 0 O
FlBGL:<>< X x>, I"ZBGL:<O 0 0),
0 0 O X X X
x x 0 00 O
A?GL:<X x o), AEGL:<0 0 0), (2)
0 0 O 0 0 x

which can be easily implemented through an abelian symmetry.
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]%:

BGL __ V2 V2 W1
(Na)ij™ = v_l(Dd)ij - (V_1 + v—z)(VT)i3(V)3j(Dd)jj,

v v
(Ny)BCt = v—jdiag(mu, me, 0) — v—;diagw, 0, my). 3)

The matrix V represents the CKM quark mixing matrix and D, 4
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 6 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)¢ 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

0 0 0 d 10 0 0
Q. — S1Q;, dp — Sgpdy, uR—>S%uR, (4)
with
SL — diag(eiX”Lg, eiXCLQ’ eiX[LQ),
S?{ — diag(eiXdRe, el.XSR@’ eiXbRO)’
Sﬁ — diag(eiX“Re, eiXCRQ’ eiXth), (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 Ny and N, are obtained by writing the Yukawa Lagrangian in the
Higgs basis and diagonalizing the fermion mass matrices [13].
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and
® — Sp®, with Sp = diag(e™**1?, e'X#2%). (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 A; 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.

Sy = diag(1, 1, e'%17),
Si = diag(e'Xur? eXur? @iXir) (7

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

Xep #0 and Xy # XiR, (8)

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

Xur XuRr Xtr
Qu =0 XuR XuR XtR ) (9)
Xur — Xer Xur — Xer Xer — XL

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

XeL # —(Xur — Xtr), (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

Sy = diag(e'Xur? | g!Xir=Xt1)0), (11)

This choice associates <13j with the A; 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 I'j, see Eq. (2),
it is constrained to have the form [20]

S = etXarfq (12)
Therefore, the down-quark phase transformation matrix is
Xdr Xdr Xdr
Oq=0 Xar Xdr Xar (13)
Xdap — Xev Xar — Xer Xar — XuL

We now see that the Eqgs. (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 — diag(e~Xar? (Xt —Xar)6) (14)

Note that the two scalar transformations in Egs. (11) and (14) do
not generally coincide. In the original BGL formulation it is crucial
that the Higgs doublet that couples to I'P°! in the down sector,
is the same that couples to AL 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

Xdar = —Xur- (15)

Since we introduced a chiral symmetry we get the anomaly free
condition for the PQ symmetry with the QCD currents

2
[SUB)c]” x U()pg: 2Xer — Xir + Xur =0. (16)

If this anomaly free condition is satisfied it makes both Sz° and
Sdown equal. This, in turn, connects the down I'FCL texture with
the ABCL 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 S;p and Sgo""“ into a single generator. In
this way we extend the model to a three Higgs scenario with the
scalar doublets @ (k=1,2,3), with vevs (&) = e/% v, /v/2 satis-
fying v = (v? + v3 + v3)1/2 = (V2GF) /2. Following the charge
constraints found in the previous section we set for the quark
fields the flavored PQ charges
X > X !

uR = 57 tR = _5,
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, Ng; (i =1, 2). These two fields transform under the
PQ symmetry with the same phase, Xyg. The charge transforma-
tion for this sector take the form

5
XL =—2, XdRZ—E- (17)

X =1, Xig =—1/2, XNr=1/2, (18)

where we have defined Xegr = X, r = X:r = Xz and we have set
XeL = Xy = 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) = ei"‘PQqu/ﬁ, with vpg >> v. The field S will transform under
the PQ symmetry as

S —els. (19)

The Yukawa Lagrangian will then take the form

—Ly = QL[N ®1 + [3&31d% + Q2[A1P1 + ArP]ul
+ LT @ + [T303]13 + L D3B3 Ny

+ (N9)ANYS* + hc,, (20)

with L? being the left-handed lepton doublets and [% denoting the
right-handed charged leptons, all of them in a generic flavor basis.
Here A is a general 2 x 2 complex symmetric matrix.

Finally, the Higgs charges are given by
Xo1=5/2, Xo2=3/2, Xo3=1/2, (21)

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

(@1d,)s, (@]@3)S%, (@I@3)s, (D1d:)(d1d3). (22)
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In this three-Higgs doublet model implementation we get the fol-
lowing Yukawa textures:

Down: = F1BGL! = FZBGL;
Up: A= A?G{ Ay = AgGL;
Charged leptons: [T = FZBGL, = FlBGL;
Dirac neutrinos: X3 = A?G'- 5 (23)

The matrix ABCL|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

2
(Nz/i)ij = (Da)ij — %(VT)B(th(Dd)]‘j,
3
(Na)ij = X—j(Dd)ij - :—f(vT)B(V)a (D), (24)

in the basis where the quarks are mass eigenstates. In the anomaly
free three Higgs BGL implementation, tree-level Higgs mediated
|AS| =2 processes suppressed by only (V} Ves)? ~ 22 (A~ 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,V¢5)? ~ 119,

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

B (v3+v2) v2

(Ne); = 2 (De)ij + — (UT) 5 ()35 (De) 3.
V3 V3
Vgt . 3
(Ne)l] = _V_Z(U )B(U)BJ(De)“s (25)

in the fermion mass basis. Here U represents the PMNS mixing
matrix and D, 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

V%ei(aPQ_ZOG)
ZﬁVpQ

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

chy: mp = Am%1 ~9 meV and m3 = ‘/|Am§1| ~ 50 meV [29].
An inverted hierarchy on the other hand implies two quasi-
degenerate neutrinos: mq ~ my; >~ 50 meV.

my &~ A 3T (26)

5. Discussion on axion and Higgs properties

The anomalous U(1)pg 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]:

C 1/2 10° GeV
azfnmnl agl Z :6mer<4e>,
VpQ 1+2 vpo/|Cag|

(27)

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 Cqy /Cqg and Npw in
the DFSZ model correspond to different implementations of the PQ symmetry.

Models KSVZ DFSZ 3HFPQ

BSM fields Q+S D+ S Py +P3+S

PQ fields Q, S q,l, ¢'1,2,S q,l, @1,243,5
(flavor blind) (flavor sensitive)

Cay /Cag G(XeQm)2 2/3,8/3 26/3

CtM No Yes Yes

FCAI No No Yes

Npw 1 3,6 1

and hence it becomes suppressed by the high PQ symmetry break-
ing scale. Here m; ~ 135 MeV and f,; ~ 92 MeV are the pion
mass and decay constant, respectively. The parameter z is given
by z=my/my >~ 0.56. The quantity Cqg 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

Cig= Y Xip—Xi=1 (28)

i=colored

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 Npw = |Cgg| = 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); singlet heavy vector-
like quark (Q) with electric charge X4". 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 Ig 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

o ~
——CogCMaF,, F1 =

v
87vig ay 8ayaFyy F©. (29)

1
4
Here o = e?/4m ~1/137, F,y is the electromagnetic field strength
tensor and I:“,w its dual. The factor ng,f takes the form [33]:

ceff o, Cay 2447

VT Cog 3142

(30)

where the second term in cg;f is a model independent quantity

which comes from the mixing of the axion with the 7® while Cay
and Cgg are model dependent quantities associated to the axial
anomaly. In our model

26

Coy=2 ), (Xin—Xi)Qf =7, (31)

i=charged

while Cqg was already introduced in Eq. (28). The parameter ggqy is
known as the axion-photon coupling constant. Limits on gq, 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 (u* — e*ay and
K+ — m%a), white-dwarfs (WD) cooling and axion-photon conversion experiments.
Predictions for the KSVZ (with Xg" = 0) and DFSZ models are also shown. The up-
per DFSZ band corresponds to the flipped scenario while the lower band to the
type Il. The WD cooling constraint is shown at the benchmark point v, >~ v for
the 3HFPQ model while for the type Il DFSZ we take the most conservative bound
(triangle).

Expected limits from the International Axion Observatory (IAXO0), 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 peV. 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

opa

[y (ghe +v58he)e +5v" (g + vsgh)d] +he.  (32)
2VpQ

with

gt =—-2ViVa. gl =UhUn. (33)
A limit my < 12 meV is obtained from u* — etay decays [41]
while m, < 18 meV is derived from limits on KT — mw*a [42].2
These limits are also shown in Fig. 1, excluding axions heavier
than 12 meV in our 3HFPQ framework. Future improvements on
the K™ — 7 Ta limits may be achieved at the NA62 experiment at
CERN [44]. Improving the limits on @ — eay 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
2 2
vy +2v3
vz

apua

eytyse, withglh =—2+|Up>+
2VpQ

g (34)

3 We do not use the experimental limits on ut — eta [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 |g4 |m./vpg < 1.3 x 10713 [46,47], we extract the
mass bound

mq S 1.5/|gl| mev, (35)

which depends on the vevs of the scalar doublets. Imposing a per-
turbativity bound on the top quark Yukawa, |(Az)33] < /47, and
scanning over the vevs we get the following range of variation for
the axion-electron coupling: |gé“e| € [0, 1.8]. In the top-vev domi-
nance regime, i.e. when v, ~ v, one obtains an upper bound on
the axion mass m; < 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. |®;||S|?, and the off-diagonal
ones present in Eq. (22). Up to O(vz/vlz,Q) 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 m; < 0.8 meV. Flavor pro-
cesses put an upper bound on the axion mass m; < 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 mg ~ 1-20 peV.

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 | seesaw
mechanism, providing a dynamical origin for the heavy seesaw
scale. We have also shown that the model studied in this letter has
Npw = 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].
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