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We investigate the phenomenological implications of the bosons associated with the SUð2ÞF subgroup in
a simple and realistic Uð2ÞF flavor model. While the Nambu-Goldstone boson of the Uð1ÞF factor behaves
as a standard QCD axion (an axiflavon) with suppressed flavor-violating couplings, the three degrees of
freedom from SUð2ÞF have not been studied before. This work focuses on these states, considering both the
case where SUð2ÞF is a global symmetry, yielding pseudo-Nambu-Goldstone bosons (PNGBs), and the
case where it is a gauge symmetry with a potentially small coupling, yielding a triplet of (possibly) light
gauge bosons. In both scenarios, these new bosons naturally feature unsuppressed flavor-violating
couplings to Standard Model fermions in the mass basis. We derive the resulting predictions for flavor-
changing neutral currents and lepton flavor violation, including exotic decays of mesons and leptons. Our
analysis shows that processes like K → πX and μ → eX place the most stringent constraints, probing the
flavor symmetry breaking scale vϕ up to 1011–1012 GeV for light bosons, while heavier states are tested

in B and τ decays, as well as by K-K̄ mixing and μ → eγ. We demonstrate that low-energy flavor
experiments provide a powerful probe of this framework, capable of testing ultrahigh symmetry breaking
scales that surpass the limits set by astrophysical observations.

DOI: 10.1103/1mwt-bqsm

I. INTRODUCTION

The Standard Model (SM) of particle physics provides a
theoretically consistent and experimentally successful des-
cription of all known particles and interactions. Nevertheless,
a number of fundamental observations about our universe
notoriously find no explanation within the SM domain:
the origin of neutrino masses, the nature of dark matter, the
asymmetry of baryons and antibaryons in the observable
universe, the field origin of dark energy and inflation. In
addition to these open questions—which unambiguously
demand an extension of the SM—there are further issues of
a somewhat different nature, which stem from the lack of
an organizing principle accounting for what, in the SM, are
merely free parameters. Well-known examples include the
SM flavor puzzle and the strong CP problem, both of
which we address in the present work.
“Flavor puzzle” in particle physics refers to the chal-

lenge of explaining the very existence of three generations
of quarks and leptons and the peculiar (mostly) hierar-
chical patterns of their masses and mixing angles that,

within the SM, stem from the Yukawa couplings with the
Higgs field—see, e.g., [1–3]. Arguably, this is not merely a
matter of explaining why measured numbers are what they
are: in fact, fermion masses and mixing display regularities
that seem to suggest the existence of an underlying
dynamics. Hence, exploring the flavor puzzle may open
a window onto a new physics sector also addressing the
other problems mentioned above.
The “strong CP problem” is the fact that, so far, no

CP-violating effects stemming from the operator L ⊃
θ̄ gs
32π2

GG̃ (whereG and G̃ are the quantum chromodynamics
(QCD) field strength and its dual, and gs is the strong
coupling) have been observed, implying that the QCD
effective angle θ̄ must have a tiny value, θ̄ < 10−10—see
[4] for an introduction to the subject. Interestingly, one can
observe a twofold connection between the strong CP
problem and the origin of fermion masses, that is, the flavor
puzzle: (i) a contribution to θ̄ arises from quark masses (see,
e.g., [5] for a review); (ii) the Peccei-Quinn (PQ) symmetry
that can provide a dynamical solution to the problem [6–8] is
a subgroup of the large SM global flavor symmetry group
Uð3Þ5 [9]. Furthermore, the interesting possibility that
another, flavor nonuniversal, subgroup of Uð3Þ5 could act
as a PQ symmetry, leading to a flavor-violating axion, was
suggested by Wilczek long ago [10]—see also [11–19] for
related early discussions on Nambu-Goldstone bosons from
flavor symmetries, including non-Abelian examples.
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One promising framework for addressing the above
issues involves the spontaneous breaking of (a subgroup
of) the mentioned flavor symmetry. Being the SM fer-
mions charged under such symmetry, the Yukawa cou-
plings are typically forbidden in the symmetric limit. The
spontaneous breaking of the flavor symmetry then occurs
through the vacuum expectation values (VEVs) of new
scalar fields—the so-called “flavons”—leading to Yukawa
interactions that are suppressed because arising from
higher-dimensional operators [20–22].
Interestingly, it has been shown that this framework can

simultaneously address the strong CP problem [23,24], even
within its simplest realization based on the flavor nonuni-
versal global Uð1Þ symmetry originally proposed by
Froggatt and Nielsen (FN) in [20], hence minimally realizing
Wilczek’s idea mentioned above [10]. Indeed, the FN Uð1Þ
charge assignment of SM fermions is typically anomalous
under QCD. As a consequence, the resulting pseudo Nambu-
Goldstone boson (PNGB)—the “axiflavon”—can solve the
strong CP problem, dynamically driving the QCD vacuum
to a CP-conserving minimum, acquires mass from the QCD
anomaly, and can account for the observed cold dark matter
abundance through the misalignment mechanism, just like
a QCD axion [23,24]. In addition, its existence can be
constrained (or discovered) by searches for exotic flavor-
violating decays such as K → πX, with X being a light
invisible boson [25,26].
The simplicity and attractive features of flavor models

based on a FN Uð1Þ symmetry explain why they are the
object of persistent interest in the literature—see, e.g.,
[27–34] for recent examples. Nevertheless, this class of
models also has some unsatisfactory aspects. In particular:
(i) the large number of free parameters—especially the
Oð1Þ coefficients that appear in each entry of the Yukawa
matrices—limits its predictive power; (ii) typical UV
completions require the introduction of a great number
of fields, as systematically discussed in [35,36]; (iii) an
Abelian symmetry is unable to provide a rationale for the
existence of three fermion generations.
All of these drawbacks can be addressed, or at least

ameliorated, within models with a non-Abelian flavor
symmetry. The simplest example—and perhaps the best
motivated by the observed pattern of fermion masses—is
provided by Uð2Þ. Third-generation fermions (top, bottom
and tau) are significantly heavier than the corresponding
first two generations of quarks and leptons. Hence, the latter
can be considered in first approximation massless, as they
would be if belonging to doublets of an unbroken symmetry,
under which the third generations are singlets. As a result,
the non-AbelianUð2Þ flavor symmetry naturally emerges as
a promising candidate to describe the flavor structure
observed in the data [37–45]. A simple and realistic flavor
model based on Uð2ÞF ≃ SUð2ÞF × Uð1ÞF has been pro-
posed in [42], with charge assignments compatible with the

unification of quarks and leptons within SUð5Þ. In this
framework, two flavons are introduced, an SUð2ÞF doublet
and a singlet, hence the Uð2ÞF symmetry breaking is
controlled by two small parameters related to the VEVs
of such fields. The resulting operators provide an excellent
fit to all SM flavor observables, including neutrino masses
and mixing angles [42,46–48].
In this context, the PNGB associated withUð1ÞF ⊂ Uð2ÞF

behaves like a QCD axion, that is, it is an axiflavon, albeit
with a different phenomenology compared to the FN Uð1Þ
case. In particular, the Uð2ÞF axiflavon features suppressed
flavor-violating interactions preventing its discovery in
meson or lepton decays [42]. This makes it difficult to
discriminate this appealing scenario from other QCD axion
models based on the axiflavon phenomenology alone,
unless the charge assignment is modified in a way incom-
patible with SUð5Þ unification [47].
In the original work [42], the three Nambu-Goldstone

bosons of the remaining SUð2ÞF are not discussed, arguably
following the assumption that the symmetry is local and,
thus, these fields constitute the longitudinal components of a
triplet of gauge bosons of little phenomenological relevance
because superheavy. While nothing is inconsistent with
such an approach, the present work focuses precisely on
the phenomenology of such fields, in search of distinctive
observable phenomena that might provide experimental
tests of the Uð2ÞF model.
The following discussion considers both the cases of a

global and a gauged SUð2ÞF, both scenarios being consistent
because the symmetry is anomaly free. In either case, we
leave Uð1ÞF global in order to address the strong CP pro-
blem and have a dark matter candidate through the axiflavon.
In the global case, we assume that the three additional
bosons acquire mass through a (small) explicit symmetry
breaking term, thereby becoming PNGBs. In the local
SUð2ÞF scenario, we allow the resulting gauge bosons to
be much lighter than the symmetry breaking scale—that is,
we entertain the possibility that the SUð2ÞF gauge coupling
is small. In either case, the new light bosons feature flavor-
violating couplings with fermions (in the fermion mass
basis) by construction. Hence, they mediate flavor-changing
neutral currents, which lead to transitions between different
generations of quarks and leptons or exotic meson and lepton
decays into these new light states. We show that these
processes might leave measurable imprints in low-energy
observables, while evading astrophysical constraints (from
star cooling and supernova explosions) such that they could
be discovered at running and future flavor experiments.
The rest of the paper is organized as follows. In Sec. II, we

review the framework and discuss the Nambu-Goldstone
bosons arising from the spontaneous breaking of the Uð2ÞF
flavor symmetry. In Sec. III, we discuss the case where
SUð2ÞF is a local symmetry, entailing the existence of a triplet
of flavored gauge bosonsW0. Section IV is instead devoted to
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introducing the PNGB triplet π0 in the case of a global
SUð2ÞF. The phenomenological implications of both cases
are presented in Sec. V. Finally, we summarize our findings
and draw our conclusions in Sec. VI. Useful formulas and
experimental input are collected in the Appendices.

II. SETUP OF THE MODEL

In this section, we review the basic framework of the
Uð2ÞF flavor model [42] and introduce the Nambu-
Goldstone bosons associated with the spontaneous breaking
of the flavor symmetry. The transformation properties of
the SM fermions under Uð2ÞF ≃ SUð2ÞF ×Uð1ÞF are
displayed in Table I. The first two generations of fermions
transform as doublets under SUð2ÞF, while the third gen-
eration is an SUð2ÞF singlet. Hence, we adopt the notation
Qa ¼ ðQ1Q2ÞT to represent the first and second generation
LH quarks, and similarly for the LH leptons. The Higgs field
is a singlet under SUð2ÞF and is Uð1ÞF-neutral.
In the original Uð2ÞF model [42], the SM fermions were

assigned SUð2ÞF ×Uð1ÞF quantum numbers consistent
with an SUð5Þ grand unified (GUT) structure and neutrinos
were assumed to be Dirac particles in order to achieve a
consistent fit of neutrino masses and mixing. Recently, a
suitable charge assignment for RH neutrinos has been
shown to lead to realistic Majorana neutrino masses via the
seesaw mechanism [48].1 Here, we adopt the modified
charge assignment introduced in [47], where the Uð1ÞF
charge of L3 is −1 instead ofþ1, which allows us to write a
realistic Majorona neutrino mass matrix without the need to
specify the UV completion of the Weinberg operator.
However, we note that this choice has a very mild impact
on the results presented in the remainder of the paper.
In order to break the flavor symmetry, two scalar fields

(the “flavons” χ and ϕ) are introduced, with χ being an
SUð2ÞF singlet and ϕ an SUð2ÞF doublet, both carrying
Uð1ÞF charge −1 (see Table I). The VEVs of these fields are

hϕi ¼ vϕffiffiffi
2

p
�
1

0

�
≡
�
εϕΛ
0

�
; hχi ¼ vχffiffiffi

2
p ≡ εχΛ; ð1Þ

where we defined two expansion parameters εϕ ≈ εχ ≪ 1

and Λ is a cutoff scale associated with the UV completion of
the theory.2

By means of a suitable number of flavon insertions, one
can write Uð2ÞF-invariant nonrenormalizable operators
leading to Yukawa interactions that read (at leading order
in εϕ;χ)

Lu ¼
λu11
Λ6

χ4ðϕ�
aQaÞðϕ�

bUbÞH þ λu12
Λ2

χ2ϵabQaUbH

þ λu13
Λ3

χ2ðϕ�
aQaÞU3H þ λu22

Λ2
ðϵabϕaQbÞðϵcdϕcUdÞH

þ λu23
Λ

ðϵabϕaQbÞU3H þ λu31
Λ3

χ2Q3ðϕ�
aUaÞH

þ λu32
Λ

Q3ðϵabϕaUbÞH þ λu33Q3U3H; ð2Þ

Ld ¼
λd11
Λ6

χ4ðϕ�
aQaÞðϕ�

bDbÞH̃ þ λd12
Λ2

χ2ϵabQaDbH̃

þ λd13
Λ4

χ3ðϕ�
aQaÞD3H̃ þ λd22

Λ2
ðϵabϕaQbÞðϵcdϕcDdÞH̃

þ λd23
Λ2

χðϵabϕaQbÞD3H̃ þ λd31
Λ3

χ2Q3ðϕ�
aDaÞH̃

þ λd32
Λ

Q3ðϵabϕaDbÞH̃ þ λd33
Λ

χQ3D3H̃; ð3Þ

Le ¼
λe11
Λ6

χ4ðϕ�
aLaÞðϕ�

bEbÞH̃ þ λe12
Λ2

χ2ϵabLaEbH̃

þ λe13
Λ3

χ2ðϕ�
aLaÞE3H̃ þ λe22

Λ2
ðϵabϕaLbÞðϵcdϕcEdÞH̃

þ λe23
Λ

ðϵabϕaLbÞE3H̃ þ λe31
Λ4

χ3L3ðϕ�
aEaÞH̃

þ λe32
Λ2

χL3ðϵabϕaEbÞH̃ þ λe33
Λ

χL3E3H̃; ð4Þ

where λfij are dimensionless coefficients (stemming from
products of the fundamental couplings of the UV-complete
theory) that are assumed to be Oð1Þ, such that, after
inserting the flavon VEVs, the Yukawa hierarchies emerge
solely from powers of the small parameters εϕ and εχ
defined in Eq. (1). In particular, notice that the above
operators, hence the Yukawa interactions, do not depend on
the absolute scale of the flavon VEVs nor on the cutoff
scale Λ. Thus, these scales cannot be determined in terms
of measured fermion masses and mixing but can only
be constrained by flavor processes, as discussed in the
following sections. In terms of the expansion parameters
and the Oð1Þ coefficients, the Yukawa matrices result

TABLE I. Transformation properties of the fields under
Uð2ÞF ≃ SUð2ÞF × Uð1ÞF. Q and L are respectively left-handed
(LH) quark and lepton doublets. U, D, E are respectively right-
handed (RH) up-type quark, down-type quark and lepton singlets.
The subscripts denote flavor indices and, in particular, a ¼ 1, 2 is
the index of the fundamental representation of SUð2ÞF. H denotes
the SM Higgs field, while ϕa and χ are the flavon fields.

Ua Da Qa U3 D3 Q3 Ea La E3 L3 H ϕa χ

SUð2ÞF 2 2 2 1 1 1 2 2 1 1 1 2 1
Uð1ÞF 1 1 1 0 1 0 1 1 0 −1 0 −1 −1

1For a general discussion of the neutrino sector within the
Uð2ÞF framework, see [46].

2Examples of possible UV completions, comprising heavy
scalar and/or vectorlike fermion fields, can be systematically built
along the lines of Refs. [35,36].
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Yu ≈

0
B@

λu11ε
2
ϕε

4
χ λu12ε

2
χ λu13εϕε

2
χ

−λu12ε2χ λu22ε
2
ϕ λu23εϕ

λu31εϕε
2
χ λu32εϕ λu33

1
CA;

Yd ≈

0
B@

λd11ε
2
ϕε

4
χ λd12ε

2
χ λd13εϕε

3
χ

−λd12ε2χ λd22ε
2
ϕ λd23εϕεχ

λd31εϕε
2
χ λd32εϕ λd33εχ

1
CA;

Ye ≈

0
B@

λe11ε
2
ϕε

4
χ λe12ε

2
χ λe13εϕε

2
χ

−λe12ε2χ λe22ε
2
ϕ λe23εϕ

λe31εϕεχ λe32εϕεχ λe33εχ

1
CA: ð5Þ

As customary, these matrices can be diagonalized by
biunitary transformations corresponding to fermion field
rotations in the flavor space

Yf ¼ Vf
LŶ

fVf†
R ; f ¼ u; d; e; ð6Þ

where Ŷf are diagonal Yukawa matrices, and Vf
L and

Vf
R are unitary matrices corresponding to rotations of

left-handed (LH) and right-handed (RH) fields, respectively.
With these conventions, the Cabibbo-Kobayashi-Maskawa
(CKM) matrix reads VCKM ¼ VuT

L Vd�
L . From Eq. (5), we see

that the LH 1-2 rotations are Oðε2χ=ε2ϕÞ both in the up and
down sector. Barring the effect of the Oð1Þ coefficients, the
observed Cabibbo angle thus requires εχ=εϕ ≈ 0.4–0.5. In
general, imposing the experimental measurements of quark
and charged lepton masses, as well as the hadronic and
leptonic mixing angles, one can perform a numerical fit to the
parameter set fλu;d;eij ; εϕ; εχg, as thoroughly discussed
in [41,42].
Part of the calculation can be performed analytically, by

perturbatively diagonalizing the Yukawa matrices Yf [41].
However, since the 2-3 rotation angles are large in both the
RH down-type quark and the LH charged lepton sectors, we
find it more straightforward to numerically diagonalize the
Yukawa matrices for our analysis. In the following, we adopt
the fit presented in [47] and numerically compute the singular
value decomposition (SVD) of the matrices in Eq. (5), in
order to obtain the field rotations Vf

L and Vf
R. For illustration,

we show here the approximate form of such matrices

Vu
L ∼ Vu

R ∼

0
BBBBB@

1
ε2χ
ε2ϕ

εϕε
2
χ

ε2χ
ε2ϕ

1 εϕ

ε2χ
εϕ

εϕ 1

1
CCCCCA ∼

0
B@

1 λ λ7

λ 1 λ2

λ3 λ2 1

1
CA; Vd

L ∼ Ve
R ∼

0
BBBBB@

1
ε2χ
ε2ϕ

ε2χ
εϕ

ε2χ
ε2ϕ

1 εϕ

ε2χ
εϕ

εϕ 1

1
CCCCCA ∼

0
B@

1 λ λ3

λ 1 λ2

λ3 λ2 1

1
CA;

Vd
R ∼ Ve

L ∼

0
BBBBB@

1
ε2χ
ε2ϕ

ε2χ

ε2χ
ε2ϕ

1 1

ε2χ
ε2ϕ

1 1

1
CCCCCA ∼

0
B@

1 λ λ5

λ 1 1

λ 1 1

1
CA; ð7Þ

where according to the fit in [47]

εχ ¼ 0.008; εϕ ¼ 0.023; ð8Þ
and λ is a parameter of the order of the Cabibbo angle,
λ ≈ sin θc ≈ 0.2.
Finally, the neutrino mass matrix reads

mν ≈
v2

2ΛL

0
B@

λν11ϵ
2
ϕϵ

4
χ λν12ϵ

2
ϕϵ

2
χ λν13ϵϕϵχ

λν12ϵ
2
ϕϵ

2
χ λν22ϵ

2
ϕ λν23ϵϕϵχ

λν13ϵϕϵχ λν23ϵϕϵχ λν33ϵ
2
χ

1
CA; ð9Þ

where v ≃ 246 GeV is the SM Higgs VEV. As mentioned
above, the structure of the neutrino mass matrix mν is
obtained under the assumption that neutrinos are Majorana
particles with masses arising from theWeinberg operator [49]
suppressed by the UV lepton number breaking scale ΛL.

A. Uð2ÞF Nambu-Goldstone bosons

The flavon VEVs displayed in Eq. (1) completely break
the flavor symmetry implying the existence of four Nambu-
Goldstone bosons associated with the four broken gener-
ators of Uð2ÞF. These become apparent when both scalar
fields are decomposed in terms of their angular and radial
components

ϕðxÞ ¼ eiπ̃iðxÞσi=vϕffiffiffi
2

p
�
vϕ þ φðxÞ

0

�
;

χðxÞ ¼ 1ffiffiffi
2

p ðvχ þ ρðxÞÞeiãðxÞ=vχ ; ð10Þ

where σi (i ¼ 1, 2, 3) are the Pauli matrices, and π̃i, ã
represent the four Nambu-Goldstone modes. The radial
modes φ and ρ naturally acquire masses of the order of
the flavor symmetry breaking scale vϕ ∼ vχ , and their
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interactions with SM fermions are suppressed by factors
∼mf=vϕ;χ . Hence, we will ignore their effects in the
following.
Being associated with diagonal generators, the fields ã

and π̃3 mix, reflecting the fact that the Uð1ÞF subgroup is
broken by both hϕi and hχi, hence its associated Nambu-
Goldstone mode is a linear combination of the phases of
both flavons [42]. Explicitly, we will work within the
following physical basis:

π01 ¼ π̃1 π02 ¼ π̃2; π03 ¼
vχ π̃3 − vϕãffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2χ þ v2ϕ
q ;

a ¼ vχ ãþ vϕπ̃3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2χ þ v2ϕ

q ; ð11Þ

where we denoted as π0i and a the Nambu-Goldstone
bosons associated, respectively, with SUð2ÞF and Uð1ÞF.
This latter symmetry has a color anomaly, as is apparent
from the quark charges shown in Table I, hence the field a
plays the role of the QCD axion [42] and, in the following,
we will refer to it as axiflavon [24]. On the other hand,
SUð2ÞF is anomaly free and thus could be either local
or global. In the following sections, we will discuss both
options in turn, but let us first review the fundamental
properties of the axiflavon.

B. Axiflavon

As a consequence of the electromagnetic and color
anomalies of Uð1ÞF, the axiflavon a acquires interactions
with photons and gluons, the latter of which enables the
solution of the strong CP problem and, in general, makes
a behave like a QCD axion. After performing the standard
aðxÞ-dependent redefinitions of the fermion fields, such
interactions—as well as the axiflavon couplings with
fermions stemming from Eq. (5)—can be written in the
usual form

La ¼
a
fa

αs
8π

Ga
μνG̃

aμν þ E
N

a
fa

αem
8π

FμνF̃μν

þ ∂μa

2fa
f̄iγμ

�
CV
fifj

þ CA
fifj

γ5
�
fj; ð12Þ

where, in our case, the anomaly coefficients are E ¼ 10,
N ¼ 9=2, as follows from the charge assignments in
Table I. In order to match the standard normalization of
the interactions in Eq. (12), the axion decay constant is
defined as [42]

fa ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2χ þ v2ϕ

q
ffiffiffi
2

p
N

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ε2χ=ε2ϕ

q
ffiffiffi
2

p
N

vϕ ≃ 0.17vϕ; ð13Þ

where we used the values of the expansion parameters
shown in Eq. (8).

The dimensionless coefficients that control the vector
and axial axiflavon-fermion interactions in Eq. (12) can be
expressed in terms of fermion charges and rotations as [42]

CV
fifj

¼ ½fRa� − ½fLa�
2N

δij þ
½fR3� − ½fRa�

2N
εfRij

−
½fL3� − ½fLa�

2N
εfLij ; ð14Þ

CA
fifj

¼ ½fRa� þ ½fLa�
2N

δij þ
½fR3� − ½fRa�

2N
εfRij

þ ½fL3� − ½fLa�
2N

εfLij ; ð15Þ

where ½fL=R� denotes the Uð1ÞF charge of the correspond-
ing LH or RH fermion and

εfLij ≡ ðVf
LÞ3iðVf

LÞ�3j; εfRij ≡ ðVf
RÞ3iðVf

RÞ�3j: ð16Þ

As we can see, the axiflavon has flavor-violating
interactions, but the 1-2 transitions are protected by the
Uð2ÞF structure, so that they only arise from mixing with
the third generation and are thus suppressed compared to
the Abelian axiflavon discussed in [24]. Hence, in contrast
to the latter case, astrophysical observables currently set
more stringent constraints on fa than flavor processes for
the Uð2ÞF axiflavon, at the fa ≳ 108 GeV level [42]—see
Appendix D for details.
The color anomaly also provides the axiflavon with a mass

term that follows the standard QCD axion relation obtained
from chiral perturbation theory and lattice QCD [50]

ma ≃ 5.7 μeV
�
1012 GeV

fa

�
: ð17Þ

In addition, again just like any QCD axion, the energy
density stored in the oscillations of the axiflavon field can
account for the dark matter (DM) abundance observed in
the present universe [51–53]. If the Uð1ÞF breaking occurs
before inflation, the resulting relic density reads

Ωah2 ≃ 0.12

�
fa

9.5 × 1011 GeV

�
7=6

θ2

≃ 0.12

�
vϕ

5.6 × 1012 GeV

�
7=6

θ2; ð18Þ

where θ denotes the initial misalignment angle. This implies
that the misalignment mechanism can account for the
observed DM relic density—ΩDMh2 ≃ 0.12 [54]—for natu-
rally large values of the misalignment angle, θ ≈ 0.1–1, if the
flavor symmetry is broken at a scale vϕ ≈ 1012–1014 GeV.

III. SUð2ÞF GAUGE BOSONS

As mentioned above, one can consider the possibility that
Uð1ÞF is global while SUð2ÞF is a gauge symmetry, as the
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latter (unlike Uð1ÞF) is anomaly free.3 In this scenario, the
three Nambu-Goldstone bosons π̃i introduced in Sec. II A
become the longitudinal components of the SUð2ÞF gauge
boson triplet that we label W0. The relevant part of the
Lagrangian for the local case is given by

L ⊃ jDμϕj2 þ j∂μχj2 þ
1

4
W0

μν ·W0μν − Vðϕ; χÞ; ð19Þ

where Vðϕ; χÞ is the scalar potential involving the flavons,4

and the covariant derivative reads

Dμ ¼ ∂μ þ igF
σ ·W0

μ

2
; ð20Þ

such that the mass term of the gauge bosonsW0
iμ (i ¼ 1, 2, 3)

results

−LW0 ⊃
1

8
g2Fv

2
ϕðW0

μ ·W0μÞ

¼ 1

2
m2

W0 ðW0
μ ·W0μÞ ⇒ mW0 ¼ 1

2
gFvϕ; ð21Þ

where gF is the SUð2ÞF gauge coupling. Hence, we see
that W0 comprises three degenerate electromagnetically
neutral states.
The SM fermions belonging to the SUð2ÞF doublets in

Table I directly couple to the W0 bosons through the
covariant derivative in the respective kinetic terms. The
third-generation quarks and leptons have no coupling with
W0 in the interaction basis, as they are singlets. However,
third-generation mass eigenstates still acquire such cou-
plings through the rotations shown in Eq. (7). In the
interaction basis, the couplings between SUð2ÞF gauge
bosons and SM fermions can be written as

LW0ff ¼ gF
2
W0

iμðfLαCi
αβγ

μfLβ þ fRαCi
αβγ

μfRβÞ; ð22Þ

where α, β ¼ 1, 2, 3 are flavor indices and the matrices
Ci read

C1 ¼

0
B@

0 1 0

1 0 0

0 0 0

1
CA; C2 ¼

0
B@

0 −i 0

i 0 0

0 0 0

1
CA; C3 ¼

0
B@

1 0 0

0 −1 0

0 0 0

1
CA: ð23Þ

These matrices are in the form of expanded Pauli matrices,
reflecting the SUð2ÞF symmetry structure. Note that C1 and
C2 have nonvanishing 12 and 21 entries, implying maximal
(unsuppressed) flavor violation between first and second
generation fermions. After performing fermion field rota-
tions defined in Eq. (6), we obtain the coupling coefficients
in the mass basis, Cfi

L=R ≡ Vf†
L=RC

iVf
L=R. For example, the

couplings of LH down quarks result

Cd1
L ¼ Vd†

L C1Vd
L ∼

0
B@

λ 1 λ2

1 λ λ3

λ2 λ3 λ5

1
CA;

Cd2
L ¼ Vd†

L C2Vd
L ∼

0
B@

0 1 λ2

1 0 λ3

λ2 λ3 0

1
CA;

Cd3
L ¼ Vd†

L C3Vd
L ∼

0
B@

1 λ λ3

λ 1 λ2

λ3 λ2 λ4

1
CA: ð24Þ

We can then write theW0 interactions with vector and axial
currents

LW0ff ¼ gF
2
W0

iμ

h
fαγμ

�
Cfi
Vαβ þ Cfi

Aαβγ5
�
fβ
i
;

Cfi
V;A ¼ Cfi

R � Cfi
L

2
: ð25Þ

As we have seen, flavor-violating W0 couplings arise
naturally from the structure of the SUð2ÞF symmetry and
exhibit peculiar hierarchical patterns due to the rotation
matrices of the fermion fields. As a result, the W0 gauge
bosons mediate flavor-changing neutral current (FCNC)
processes and lepton-flavor-violating (LFV) decays, such

as K0 − K0 oscillations, μ → eee etc. If the W0 triplet is
sufficiently light, exotic meson decays, includingK → πW0
and B → KW0, and leptonic decays, such as μ → eW0, must
be included in the analysis, as they will pose stringent
constraints on the model. Expressions for the above
processes and the resulting limits on the flavor breaking
scale are presented in the phenomenological discussion
in Sec. V.
In order to assess whether the W0 gauge bosons give rise

to a visible signal in a typical particle detector, we need to
estimate their lifetime. In terms of the couplings defined in
Eq. (25), when kinematically allowed, the widths for the
W0 decays into fermions read

4For simplicity, we assume that scalar potential terms inducing
mixing with the Higgs doublet are negligible.

3Witten anomaly is also absent if the number of SUð2Þ doublets
is even [55]. Hence, in our case, the introduction of the RH
neutrino doublet Na is sufficient to consistently gauge SUð2ÞF.
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ΓðW0
i → fαf̄βÞ ¼

Nf
cg2FmW0

12π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

ðmfα þmfβÞ2
m2

W0

��
1 −

ðmfα −mfβÞ2
m2

W0

�s

×

" 
1 −

m2
fα
þm2

fβ

2m2
W0

!�
jCfi

Vαβj2 þ jCfi
Aαβj2

�
þ 3

mfαmfβ

m2
W0

�
jCfi

Vαβj2 − jCfi
Aαβj2

�#
; ð26Þ

where Nf
c is the color factor of the fermion f. For heavy W0, the total decay width is then

ΓW0
i
¼
X
α;β

½ΓðW0
i → uαūβÞ þ ΓðW0

i → dαd̄βÞ þ ΓðW0
i → lαlβÞ þ ΓðW0

i → ναν̄βÞ�: ð27Þ

It is understood that contributions below the kinematic
threshold have to be eliminated. This expression is valid
only for mW0 ≫ ΛQCD. Nevertheless, for simplicity, we
are going to employ it also to estimate the lifetime of a
lighter W0, hence neglecting hadronization effects.5 Still,
for light quarks, no contribution from decays into up and
down (strange) quarks is included below the pion (kaon)
threshold. Notice that the QCD effects we are neglecting
become particularly relevant for mW0 ≲ ΛQCD ≈ 1 GeV.
On the other hand, as we will see, light gauge bosons—
especially below the threshold of W0 → μe, that is, for
mW0 ≲mμ—are always long-lived enough to escape de-
tection in a typical particle physics experiment detector,
hence the precise value of their lifetime does not affect our
analysis. In other words, our simplifying assumption is a
source of inaccuracy only within the limited regime
0.1 GeV≲mW0 ≲ 1 GeV.

IV. SUð2ÞF PSEUDO-NAMBU-GOLDSTONE
BOSONS

We now introduce the second case of a global SUð2ÞF
featuring, besides the axiflavon, the three additional Nambu-
Goldstone bosons π0i defined in Eqs. (10) and (11). In the
following, we assume them to be massive PNGBs due to
small explicit SUð2ÞF breaking. Specifically, we introduce an
explicit soft symmetry-breaking term in the scalar potential

δV ¼ m2
π0 ðϕ†σ3ϕÞ; ð28Þ

where σ3 denotes the third Pauli matrix. Substituting Eq. (10)
into this expression, mass terms for the SUð2ÞF PNGBs arise
such that mπ0

1
¼ mπ0

2
¼ mπ0 , mπ0

3
¼ mπ0=sin θ where we

have taken into account the mixing (sinθ≡vχ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕþv2χ

q
)

with Uð1ÞF PNGB as in Eq. (11). We can also assume this

breaking term to arise from Planck-suppressed operators of
the form ðϕ†σ3ϕÞðϕ†ϕÞn with n > 1, such that m2

π0 ∼
ðvϕÞ2n=M2ðn−1Þ

Pl , where MPl ≃ 1.22 × 1019 GeV denotes
the Planck scale. This assumption is consistent with the
commonly accepted notion that quantum gravity effects
break any global symmetry—cf., [57] for a recent review.
In either case, we treatmπ0 as a free parameter throughout the
rest of the paper.
By substituting the full form of the flavon ϕ, written as in

Eq. (10), into the effective Yukawa Lagrangian, Eqs. (2)–(4),
one can obtain the interactions between the PNGBs and the
SM fermions. It is then convenient to change the field basis
by performing a field-dependent transformation of the
fermion flavor doublets, for instance

Qa → eiðπ̃1σ1þπ̃2σ2þπ̃0
3
σ3Þab=vϕe−iã=vχQb ða; b ¼ 1; 2Þ; ð29Þ

(with π̃3ðxÞ=vϕ ¼ π̃03ðxÞ=vϕ þ ãðxÞ=vχ) that removes the
dependence on the PNGBs from the Yukawa sector. After
further rotating the fermion fields to the mass basis, the
fermion kinetic terms lead to the following PNGB-fermion
couplings

Lπ0ff ¼
∂μπ

0
i

vϕ

h
f̄αγμ

�
Ĉf i
V αβ þ Ĉf i

A αβγ5
�
fβ
i
; ð30Þ

where the coupling matrices Ĉf1;2
V=A ¼ Cf1;2

V=A, that is, they are
the same as those appearing in Eq. (25), while the couplings
of π03 are modified by the mixing in Eq. (11) such that

Ĉf3
L=R ¼ Vf†

L=R

0
B@

2=sin θ − sin θ 0 0

0 − sin θ 0

0 0 0

1
CAVf

L=R;

Ĉf3
V;A ¼ Ĉf3

R � Ĉf3
L

2
; ð31Þ

where sin θ≡ vχ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕ þ v2χ

q
≃ 0.32.

In terms of the above couplings, the widths of the
kinematically allowed π0i decays read

5In addition, decays of massive vectors into three photons or
gluons are induced by fermion loops at highly suppressed rates—
see, e.g., [56]—such that they can be safely neglected in the
kinematic regime we consider in the following, where at least
W0

i → eþe− is always kinematically allowed.
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Γðπ0i → fαf̄βÞ ¼
Nf

cmπ0

8π

"�
mfα −mfβ

vϕ

�
2

jĈf i
V αβj2zþ

þ
�
mfα þmfβ

vϕ

�
2

jĈf i
A αβj2z−

# ffiffiffiffiffiffiffiffiffiffi
zþz−

p
;

ð32Þ

whereNf
c is the color factor and z�¼1−ðmfα �mfβÞ2=m2

π0 .
For heavy PNGBs, the total decay width is thus given by

Γπ0i
¼
X
α;β

½Γðπ0i → uαūβÞ þ Γðπ0i → dαd̄βÞ

þ Γðπ0i → lαlβÞ þ Γðπ0i → ναν̄βÞ�; ð33Þ

where we neglected loop-induced couplings to SM gauge
bosons, as we are always working in a regime where some of
the above decays into fermions are kinematically open.
Similar to the W0 case discussed in the previous section, we
use this perturbative expression to estimate the order of
magnitude of the π0 lifetime also for values of mπ0 for which
hadronization effects should be taken into account, expecting
this simplifying assumption to be source of inaccuracy only
within the limited regime 0.1 GeV≲mπ0 ≲ 1 GeV.

V. PHENOMENOLOGICAL IMPLICATIONS OF
THE NEW FLAVORED BOSONS

We now discuss the most relevant constraints from low-
energy FCNC and LFV processes on the considered Uð2ÞF
flavor model. To summarize, in the global SUð2ÞF sym-
metry case, the theory features four PNGBs, a (the
axiflavon) and π0i (i ¼ 1, 2, 3), whereas in the local
symmetry case, the new bosons are the gauge bosons
W0

i (i ¼ 1, 2, 3) and again the axiflavon a. When discussing
general effects, we refer to these fields collectively as X.
In both scenarios, flavor-violating couplings of the

Uð2ÞF bosons with SM fermions are naturally induced
by the structure of the symmetry. In particular, SUð2ÞF ⊂
Uð2ÞF leads to unsuppressed flavor violation involving the
first two fermion generations. In addition, flavor-violating
processes have a mild dependence on the Oð1Þ coefficients
of the model and, in the case of those mediated or involving
the axiflavon, the Uð1ÞF charges of the SM fermions.6

A. Decays into light SUð2ÞF bosons

If the mass of the boson X is light enough, it can be
directly produced on-shell in flavor-violating meson or
lepton decays, such as K → πX, B → KX, μ → eX. This
situation is rather natural in the global SUð2ÞF scenario,
X ¼ π0i, because of the PNGB nature of π0i, while, in the
local SUð2ÞF case, X ¼ W0

i, this requires gF ≪ 1, as can be
seen from Eq. (21).
If kinematically allowed, the above exotic two-body

decays set some of the strongest constraints on the Uð2ÞF
breaking scale, as we will see below, and can provide spec-
tacular experimental signatures of the model under study.
Gauge bosons. In the local case, adapting the expres-

sions in [27,61], we obtain for the branching ratios of the
most relevant meson decays into light gauge bosons

BRðKþ → πþW0
iÞ

¼ g2F
64πm2

W0

m3
K

ΓK

"
λ

 
1;
m2

π

m2
K
;
m2

W0

m2
K

!#
3=2h

fKþðm2
W0 Þ
i
2
���Cdi

V sd

���2;
ð34Þ

BRðBþ → KþW0
iÞ

¼ g2F
64πm2

W0

m3
B

ΓB

"
λ

 
1;
m2

K

m2
B
;
m2

W0

m2
B

!#
3=2h

fBþðm2
W0 Þ
i
2
���Cdi

V bs

���2;
ð35Þ

where λðx;y;zÞ≡x2þy2þz2−2ðxyþyzþxzÞ, the meson
widths are ΓK≃5.3×10−17GeV and ΓB ≃ 4.0× 10−13 GeV
[62], and the relevant hadronic form factors fK;Bþ can be
found in [63,64]. The couplings appearing in these expres-
sions are those to vector quark currents given in Eq. (25).
Similarly, we can derive the branching ratios of LFV

decays such as μ → eW0
i from the expressions in

[27,65,66], obtaining:

BRðlα → lβW0
iÞ

¼ g2F
64πm2

W0

m3
lα

Γlα

�
jCe i

V αβj2 þ jCe i
A αβj2

�

×

 
1þ 2

m2
W0

m2
lα

! 
1 −

m2
W0

m2
lα

!
2

; ð36Þ

where the mass of the lighter lepton was neglected be-
cause mlβ ≪ mlα , and the total lepton widths are Γμ≃
3.0 × 10−19 GeV, Γτ ≃ 2.3 × 10−12 GeV [62].
Given the standard relation among theW0 mass, the VEV,

and the gauge coupling in Eq. (21), gF drops from the
prefactor in the above expressions such that the latter only
depends on theUð2ÞF breaking scale, resulting in 1=ð16πv2ϕÞ.
PNGBs. In the global case, we can use results from

the literature on flavor-violating axions and axionlike

6In order to evaluate a given process, the couplings appearing in
the Lagrangians in the previous sections should be evolved from
the symmetry-breaking scale down to the energy scale character-
istic of the process of interest. The renormalization group equations
for the couplings of axions and ALPs are, for instance, given and
their numerical impact is studied in [58–60]. However, for the
flavor-violating interactions that we are interested in, running
effects are suppressed by small Yukawa couplings and/or CKM
angles. In agreement with the numerical estimates in [59], we find
that such corrections are thus always below the 10% level, hence
we neglect them throughout our analysis.
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particles (ALPs), e.g., [67–69], obtaining the following
expressions for the branching ratios of the relevant meson
decays

BRðKþ → πþπ0iÞ

¼ m3
K

16π v2ϕΓK

�
1 −

m2
π

m2
K

�
2

×

"
λ

 
1;

m2
π

m2
K
;
m2

π0i

m2
K

!#
1=2h

fK0 ðm2
π0i
Þ
i
2
���Ĉd i

V sd

���2; ð37Þ

BRðBþ → Kþπ0iÞ

¼ m3
B

16π v2ϕΓB

�
1 −

m2
K

m2
B

�
2

×

"
λ

 
1;
m2

K

m2
B
;
m2

π0i

m2
B

!#
1=2h

fB0 ðm2
π0i
Þ
i
2
���Ĉd i

V bs

���2; ð38Þ

where the form factors fK;B0 are also provided by [63,64],
and the couplings Ĉdi

Vαβ are given in Eqs. (30) and (31).
In the leptonic sector, we can adapt the expressions for

LFV decays into ALPs [47,68,70]

BRðlα → lβπ
0
iÞ

¼ 1

16π v2ϕ

m3
lα

Γlα

�
jĈe i

V αβj2 þ jĈe i
A αβj2

� 
1 −

m2
π0i

m2
lα

!
2

: ð39Þ

Notice that the prefactors in the above expressions are
the same as those appearing in Eqs. (34)–(36), so that the
decay rates into PNGBs and gauge bosons are identical in
the limits mW0 ≪ mP, mπ0 ≪ mP (with mP denoting the
mass of the parent particle), consistent with the Goldstone
equivalence theorem.
Light bosons decays and decay length. The lifetime of

the light particle X plays a crucial role in determining its
experimental signatures, and thus which experiments are
sensitive to the above production modes and what the
resulting constraints are. The probability that X decays
within the detector volume is

1 − exp

�
−
L
lX

�
; ð40Þ

where L represents the detector size (e.g., L ≈ 1 m for
typical LFV experiments [71,72], L ≈ 100 m for kaon
experiments such as NA62 [73], etc.), and lX is the mean
decay length of X in the laboratory frame that, in natural
units, is given by

lX ¼ pX

mXΓX
; pX ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

P;m
2
P0 ; m2

XÞ
q

2mP
; ð41Þ

where mPð0Þ are the masses of the SM particles involved in
the production process P → P0X.
In the following, we focus on the leptonic decays

X → llð0Þ. l;l0 ¼ e, μ, which are the main allowed
channels in the regime mX ≲ 1 GeV and the cleanest
otherwise. For a given value of its mass mX, the average
decay length of X depends on its couplings to fermions. If
the latter are sufficiently large, X will decay promptly
within the detector, producing visible dilepton signatures.
In contrast, for small couplings, X may be long-lived and
escape the detector before decaying, resulting in a missing
energy signal.7

Consequently, different types of experimental constraints
arise from semi-invisible two-body processes such as

K → πXinv; B → KðπÞXinv;

μ → eXinv; τ → lXinv; ð42Þ

or fully visible final states

K → πXð→ llð0ÞÞ; B → KðπÞXð→ llð0ÞÞ;
μ → eXð→ eeÞ; τ → lXð→ llð0ÞÞ; ð43Þ

where llð0Þ ¼ eþe−; μþμ−; μ�e∓, depending on the avail-
able phase space.
Denoting mesons or leptons by P and P0 (with

mP > mP0), the experimental constraints on the above
processes can be obtained from the following expressions:

exp

�
−
L
lX

�
BRðP→ P0XÞ < BRðP→ P0 þ invÞexp; ð44Þ

�
1 − exp

�
−
Lprompt

lX

�	
BRðP → P0XÞBRðX → llð0ÞÞ

< BRðP → P0llð0ÞÞexp; ð45Þ

where Lprompt represents the decay length under which the
decay appears prompt, which depends on the spatial
resolution of a given detector. For simplicity, we take
Lprompt ¼ 1 mm throughout our analysis with the exception
of kaon processes, for which it is sufficient that X decays
within the detector to give rise to a visible signature. The
above formulas enable us to confront our model’s pre-
dictions with existing experimental bounds on processes
with both visible and invisible final states—bounds that
are respectively denoted as BRðP → P0 þ invÞexp and
BRðP → P0llð0ÞÞexp. The experimental limits we use in
our phenomenological study are presented in Appendix B.

7The viability and potential impact of the intermediate regime—
corresponding to displaced-vertex decays—strongly depend on the
specific process and detector. See Appendix B for more detailed
comments.
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B. Flavor violation mediated by heavy SUð2ÞF bosons

Uð2ÞF bosons that are heavy enough for the above
decays to be kinematically forbidden can still mediate
processes like those in Eq. (43) off-shell. In addition, their
flavor-violating interactions contribute to meson oscilla-

tions at the tree level with K0 − K0 mixing providing the
strongest quark sector constraint in this regime.
Gauge bosons. Let us start considering quark FCNC

processes in the local case, again focusing on semi-
leptonic meson decays, M1 → M2lαlβ from the under-
lying quark transition qa → qb (with q ¼ u or d). Heavy
W0 bosons with mass mW0 ≫ mM1

can be integrated out
resulting in effective dimension-six interactions with
coefficients ∼g2F=4m2

W0 ¼ 1=v2ϕ. Following [27], we write
the resulting differential decay width in the approximation
mM2

; mlα ; mlβ → 0

d2ΓðM1 → M2 lαl̄βÞ
dm2

M1lα
dm2

lαlβ

≃
g4F
����P

i
Cq i
V abC

e i
V αβ

���2 þ ���P
i
Cq i
V abC

e i
A αβ

���2�
512π3m4

W0mM1

×
h
fM1þ ðm2

lαlβ
Þ
i
2
m2

M1lα

 
1 −

m2
M1lα

m2
M1

−
m2

lαlβ

m2
M1

!
; ð46Þ

where m2
M1lα

≡ ðpM1
þ plαÞ2 and m2

lαlβ
≡ ðplα þ plβÞ2

is the invariant mass squared of the dilepton pair, and
fM1þ denotes the hadronic form factors also appearing in
Eqs. (34) and (35). Expressions with full dependence on the
final state masses and valid also for a light mediator can be
found in [27].
Similarly, integrating out theW0 triplet, we can obtain the

Wilson coefficients (WCs) for the dimension-six ΔS ¼ 2
operators inducing neutral kaon oscillations

ðs̄XγμdXÞðs̄YγμdYÞ∶
X
i

g2F
4m2

W0
Cd i
X sdC

d i
Y sd; ð47Þ

where X; Y ¼ L, R and the LH and RH couplings can be
calculated as illustrated in Sec. III. In the numerical analysis,
we also consider the light mediator case adapting the results
of [27], which, however, leads to negligible constraints
compared to the processes discussed above in Sec. VA.
Again, the WCs of the above operators are suppressed by a

factor 1=v2ϕ, hence constraints from K0 − K0 mixing set a
lower limit on the SUð2ÞF symmetry breaking scale. By
comparing the above prediction with limits on the real part
of the WCs from the measured kaon mass splitting ΔmK
that are reported in the literature [74], we find that the most
stringent constraint arises from the W0 contribution to
ðs̄LγμdLÞðs̄RγμdRÞ and numerically results

ΔmK∶ vϕ ≳ 5.4 × 106 GeV ðlocal caseÞ: ð48Þ

As we will see below, this limit is still orders of magnitude
weaker than the limits one obtains if SM particles can decay
into a W0, but it represents the irreducible flavor bound on
the symmetry breaking scale in the local case.
In the lepton sector, three-body LFV decays, such as

μ → eee and τ → μμμ, are also induced at the tree level and
are still suppressed only by the scale vϕ, hence resulting
phenomenologically more important than the correspond-
ing radiative (loop induced) processes μ → eγ or τ → μγ. In
the heavy W0 limit, the branching ratios of these processes
can again be obtained from effective field theory expres-
sions (see, e.g., [75])

BRðlα → lβlγlδÞ

≃
m5

lα

3ð16πÞ3Γlα

h
8ð1þ δβγÞjCV LL

αβγδ j2 þ 8ð1þ δβγÞjCV RR
αβγδ j2

þ 8jCV LR
αβγδ j2 þ 8jCV RL

αβγδ j2
i
; ð49Þ

where we omitted the contributions of the photon
dipole operator, which are loop suppressed, and neglected
the masses of the final-state leptons. Integrating out the
W0 fields, the WCs of the LFV effective operators
CVXY
αβγδðlαγ

μPXlβÞðlγγμPYlδÞ (with PX;Y denoting chirality
projectors) that appear in the above expression result in
our case

CVXY
αβγδ ¼

X
i

g2F
4m2

W0
Ce i
X αβC

e i
Y γδ: ð50Þ

Based on these expressions, we find that the strongest
constraint in the lepton sector follows from the upper bound
BRðμþ → eþe−eþÞ < 1.0 × 10−12 (90% CL) [76], which
translates in the following lower limit on the SUð2ÞF
breaking scale

μ → eee∶vϕ ≳ 5.6 × 104 GeV ðlocal caseÞ: ð51Þ

PNGBs. In the global SUð2ÞF case, heavy PNGBs give
analogous contributions to the above processes. The major
difference compared to the local scenario is that the
PNGBs interactions are suppressed by an additional factor
≈mf=mπ0 , where mf is the mass of the heaviest fermion
involved, as one can immediately verify performing the
usual manipulation of the Lagrangian in Eq. (30) (integra-
tion by parts and insertion of the equations of motion).
The differential rates of the meson decays we are

interested in can be calculated as in the ALP literature,
e.g., [70], giving in the limit mπ0 ≫ mM1
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dΓðM1 → M2lαlβÞ
dm2

lαlβ

≃
m3

M1
m2

lα

64π3v4ϕ

 ����X
i

Ĉq i
V abĈ

e i
V αβ

m2
π0i

����
2

þ
����X

i

Ĉq i
V abĈ

e i
A αβ

m2
π0i

����
2
!

×
h
fM1

0 ðm2
lαlβ

Þ
i
2
m2

lαlβ

 
1 −

m2
lαlβ

m2
M1

!
; ð52Þ

where m2
lαlβ

is the dilepton invariant mass squared and we

assumed mlα ≫ mlβ if β ≠ α.
As in the local case, the most stringent constraint on heavy

PNGBs is given by kaon oscillations. Although the sup-
pression ∼m2

s=m2
π0 is much larger than the one affecting the

contributions to BðsÞ oscillations (∼m2
b=m

2
π0), K

0 − K0 mix-
ing is still more relevant as a combined effect of the tighter
experimental constraints and the parametric suppression of
b → dðsÞ transitions compared to s → d processes—see the
coupling matrices in Eq. (24). Furthermore, in the PNGB
case, only the WC of the following LLRR operator is not
chirality suppressed

ðs̄LγμdLÞðs̄RγμdRÞ∶
X
i

m2
s

4m2
π0i
v2ϕ

Ĉd i
L sdĈ

d i
R sd: ð53Þ

Applying the bounds from ΔmK in [74] to this expression,
we obtain

ΔmK∶ vϕ ≳ 5.0 × 104
�
10 GeV
mπ0

�
GeV ðglobal caseÞ:

ð54Þ
Moving to LFV processes, integrating out heavy PNGBs,

we can write the WCs of four-lepton operators appearing in
Eq. (49)

CV XY
αβγδ ≃

X
i

mlαmlγ

m2
π0i
v2ϕ

Ĉe i
X αβĈ

e i
Y γδ; ð55Þ

where now X ≠ Y and we assumed mlγ ≫ mlδ if δ ≠ γ. As
our numerical analysis will show, the additional suppression
factor on the μ → eee rate, ∼ðmμme=m2

π0 Þ2, makes this
process less relevant than in the local case and, in fact, less
important than the (loop-induced) radiative decay μ → eγ.
The reason is that contributions from μ and τ loops partly
overcome the lepton mass suppression.
Following [70], we can write the contributions of the

PNGBs to radiative LFV decays as

BRðlα → lβγÞ ≃
αmlα

2Γlα

�
jFαβj2 þ jGαβj2

�
; ð56Þ

where, for μ → eγ, retaining only diagrams with μ and τ in
the loop

Fμe ≃
m2

μ

16π2v2ϕ

X
i

Ĉe i
A μeĈ

e i
A μμg

 
m2

π0i

m2
μ

!

þ m2
τ

32π2v2ϕ

X
i

ðĈe i
A μτĈ

e i
A τe − Ĉe i

V μτĈ
e i
V τeÞg̃

 
m2

π0i

m2
τ

!
;

ð57Þ

Gμe ≃
m2

μ

16π2v2ϕ

X
i

Ĉe i
V μeĈ

e i
A μμg

 
m2

π0i

m2
μ

!

þ m2
τ

32π2v2ϕ

X
i

ðĈe i
A μτĈ

e i
V τe − Ĉe i

V μτĈ
e i
A τeÞg̃

 
m2

π0i

m2
τ

!
;

ð58Þ

where the loop functions g and g̃ are listed in the
Appendix A. Despite the ∼ðmτ=mμÞ2 enhancement, the
second terms in the above expressions give contributions of
the same order as (in fact smaller than) the first ones,
because flavor-changing interactions involving the third
generation are parametrically smaller due to the SUð2ÞF
coupling structure. Similarly, we can derive expressions for
τ → lγ (l ¼ μ, e) adapting the formulas in [70] and taking
into account that, in this case, τ loops are always sub-
dominant because of the large suppression of the flavor-
conserving coupling to the third generation, Ĉei

Aττ. Hence,
the resulting constraints are not competitive with other
limits, in particular from μ → eγ

μ → eγ∶ vϕ ≳ 1.4 × 105
�
10 GeV
mπ0

�
GeV ðglobal caseÞ;

ð59Þ

where we used the recent limit BRðμþ → eþγÞ < 1.5 ×
10−13 (90% CL) set by the MEG II experiment [77]. This is
the strongest flavor bound on the SUð2ÞF breaking scale for
the global case in the heavy mπ0 regime.

C. Numerical results and discussion

We can now summarize and illustrate our results, starting
from the local SUð2ÞF scenario. In Fig. 1, we display
constraints set by flavor processes involving a gauge boson
triplet W0 as limits on the gauge coupling gF as function of
theW0 mass. In the left panel of the figure, we show bounds
from quark FCNC processes, whereas limits from purely
leptonic LFV decays are displayed in the right panel. In
both plots, the regions of the ðmW0 ; gFÞ plane lying above or
within the colored contours are excluded by the current
experimental limits discussed in Appendix B.
The figure illustrates that, if kinematically allowed,

meson and lepton decays into an on-shell W0 triplet set
the most stringent constraints, as expected from the
discussion in Sec. VA. The recent NA62 search [26] for

PHENOMENOLOGY OF NON-ABELIAN GAUGE AND GOLDSTONE … PHYS. REV. D 113, 075041 (2026)

075041-11



K → πXinv (with Xinv denoting a light undetected boson)
is more sensitive for tiny values of gF, for which W0 is
long-lived, excluding the region within the blue contour in
the left plot. Similarly, in the lepton sector, current limits
on μ → eXinv [78] provide the most stringent constraint
(blue contour in the right plot) for the small mW0 and small
gF regime. In particular, the K → πXinv limit translates
into the strongest bound on the SUð2ÞF breaking scale
vϕ ¼ 2mW0=gF for a light W0, vϕ ≳ 6 × 1011 GeV, dem-
onstrating once again the exceptional sensitivity of
searches for exotic kaon decays to flavor-violating light
new physics—see [24,27,67] for other examples.
Searches for light invisible particles lose sensitivity if gF

increases—that is, theW0 lifetime decreases—but, as Fig. 1
illustrates, various processes with the light particle decaying
into a visible final state inside the detector exclude such a
portion of the parameter space. The most relevant limits of
this kind are provided by K → πeμ=ee (left panel, yellow
line) and μ → eee (right panel, purple line).
For increasing values of the W0 mass, kaon and muon

decays into W0 become kinematically forbidden, such that
the latter processes give rise to much weaker constraints on
the coupling gF, as decay widths mediated by an off-shell
W0 scale as g4F instead of g2F. In this regime, decays of third
generation fermions into W0 provide the most important
bounds, as illustrated in Fig. 1. Given the relatively weak
experimental sensitivities compared to 1-2 transitions,
limits from searches for B and τ decays into invisible
bosons (pink lines) are subdominant because the W0 life-
time is too short in the relevant mW0 range, whereas the
visible counterparts of these decays set the strongest
bounds: B → Kμe (left panel, red line) in the quark sector,
the LFV decays τ → μμμ=τ → μee (right panel, red line) in

the lepton sector. The latter processes are slightly more
sensitive and have better future prospects due to the
expected Belle II sensitivity to LFV τ decays [79,80].
Finally, if the W0 triplet is even heavier, mW0 > mB, the

only relevant constraints are provided by the W0-mediated
processes discussed above in Sec. V B,8 the most important

being provided by K0 − K0 mixing and, again, μ → eee.

The K0 − K0 bound (green line) is the strongest in the
heavy W0 regime—see also Eq. (48)—and, interestingly,
could increase in the near future thanks to lattice QCD
calculations that are expected to improve the determination
of the SM prediction for ΔmK to 10% level precision [81].
In Fig. 2, we present analogous results for the global

SUð2ÞF scenario. In this case, limits on processes medi-
ated by or involving the π0 PNGBs are displayed on
the ðmπ0 ; vϕÞ plane, so that the regions below or within
the colored contours are excluded. The Goldstone equiv-
alence theorem guarantees that, in the mπ0 ≪ mf limit
(mf being the mass of the decaying fermion), the bounds
on the flavor symmetry breaking scale from K → πXinv

(vϕ ≳ 6 × 1011 GeV) and μ → eXinv (vϕ ≳ 6 × 109 GeV)
are the same as in the local case with mW0 ≪ mf.
Nevertheless, there are also differences between the two
scenarios. In the global case, the decay width Γðπ0 → ffð0ÞÞ
scales as ∼mπ0 ðmf=vϕÞ2, while for the gauge bosons
ΓðW0 → ffð0ÞÞ ∼ gFmW0 ∼mW0 ðmW0=vϕÞ2—see Eqs. (26)
and (32). As a consequence, the PNGBs are substantially
more long-lived, which explains why the regions excluded

FIG. 1. Local SUð2ÞF case. Regions of the ðmW0 ; gFÞ plane excluded by current experimental limits (cf. Appendix B) on quark
sector (left) and lepton sector (right) processes mediated the W0 gauge bosons. Regions above or within the colored contours are
excluded. Dotted lines represent expected future bounds. Dashed lines display the astrophysical limits discussed in Appendix C. See the
main text for details.

8FCNC top decays are not competitive given the weak
experimental limits [62] and the relative suppression of W0
couplings to third-generation fermions.
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by K → πXinv and μ → eXinv extend to much larger
couplings (lower values of vϕ) than in Fig. 1 and the
corresponding visible decays are relatively less important.
Another important difference from the local case also
follows from the ∼mf=vϕ scaling of the PNGBs couplings.
As discussed above in Sec. V B, this entails the suppression

of the contributions of PNGBs to K0 − K0 and, more
drastically, μ → eee, so that the strongest limit in the heavy
π0 regime is given by μ → eγ (Fig. 2 right, light green line)
—see also Eq. (59).
For comparison, Figs. 1 and 2 also show astrophysical

bounds (cyan dashed lines) estimated as explained in
Appendix C. The most relevant constraint to the couplings
of the light fields with quarks is derived from the SN1987A
explosion data, while the couplings to electrons are con-
strained by white dwarfs (WD) and red giants (RG) cooling
and, again, supernova explosion—the latter bound is
labeled as SN1987A(ee) in the right plots. WD and RG
bounds are the most stringent (vϕ ≳Oð109Þ GeV) but they
do not apply to particles with mX ≳ 10–100 keV, that is,
too much above the average temperature of the star plasma
to be efficiently produced. Hence, they are outside the
parameter range displayed in the figures. The supernova
bounds exhibit the typical Boltzmann suppression for
mX ≳ 100 MeV while, for simplicity, we do not calculate
the loss of sensitivity in the large coupling regime when the
light particles remain trapped in the star and do not contri-
bute to its cooling. In any case, these estimates demonstrate
that these astrophysical limits on light SUð2ÞF bosons are
subdominant compared to the bounds from laboratory
experiments. More important are the limits one can obtain
from axiflavon emission from the star plasma, which are
indicated as gray dashed lines in the figures. Recall that,

in both scenarios we consider, this field is the PNGB of
the global factor Uð1ÞF ⊂ Uð2ÞF and behaves like a QCD
axion acquiring a tiny mass—see Eq. (17)—from the QCD
anomaly, hence it is always light enough to be produced in
the star plasma—see Sec. II B and Appendix D. The most
relevant resulting constraint (from SN1987A cooling)
translates to a limit vϕ ≳ 3 × 109 GeV that, however
strong, does not prevent the observation of light SUð2ÞF
bosons in kaon or muon decays, as illustrated by Figs. 1
and 2. Furthermore, in the large coupling/small vϕ region
also the axiflavon enters the trapping regime, which makes
the other processes discussed in this section relevant tests of
such a portion of the parameter space.
Interestingly, the region vϕ ≈ 1012–1014 GeV where

the axiflavon is a dark matter candidate naturally produced
via the misalignment mechanism—see Sec. II B—is
untouched by the limits discussed in this section and
may be hopefully tested in the future, at least partly. In
particular, this would require kaon experiments with higher
sensitivity to K → πXinv.

9

VI. SUMMARY AND OUTLOOK

In this study, we have explored the implications of the
Uð2ÞF ¼ SUð2ÞF ×Uð1ÞF flavor model proposed in [42],
with a focus on the phenomenology of the bosons asso-
ciated with SUð2ÞF. Both the global and local SUð2ÞF
scenarios entail the existence of new particles—PNGBs or
gauge bosons, respectively—with distinctive interactions
and phenomenological properties that imply stringent
constraints on the flavor symmetry breaking scale.

FIG. 2. Global SUð2ÞF case. Regions of the ðmπ0 ; vϕÞ plane excluded by current experimental limits (cf., Appendix B) on quark
sector (left) and lepton sector (right) processes mediated the π0 PNGBs. Regions below or within the colored contours are excluded.
Dotted lines represent expected future bounds. Dashed lines display the astrophysical limits discussed in Appendix C. See the main text
for details.

9From this point of view, it is unfortunate that the HIKE project
[82] was recently discontinued.
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By construction, in both versions of the model, two of the
states belonging to the new boson triplets have unsuppressed
flavor-violating couplings in the 1–2 sector. As a conse-
quence, the existence of such particles (if light enough) is
tightly constrained by searches for K → πX and μ → eX,
as illustrated by Figs. 1 and 2. The former process provides
the strongest bound on the flavor symmetry breaking scale,
vϕ ≳ 6 × 1011 GeV in the light mX regime. Heavier bosons
can be tested in τ and B decays, which currently give limits
of the order vϕ ≳ 108 GeV. If the SUð2ÞF bosons are too
heavy to be produced on-shell in meson or lepton decays,
they can still mediate FCNC and LFV processes inducing
limits in the range vϕ ≳ 105–106 GeV.
Our results demonstrate that the existence of light new

physics particles (which is unavoidable in the case of global
continuous flavor symmetries but possible also in the local
case) implies that laboratory experiments can test the flavor
breaking scale, that is, the origin of fermion masses and
mixing, up to ultrahigh energies, in some cases even
beyond the limits set by astrophysical observations.
As an outlook, we can mention a couple of directions that

deserve further investigation. For instance, it would be
interesting to assess the capability of future gravitational
wave (GW) observatories to test the high-energy symmetry
breaking regime of this model, similarly to what done in
[32] forUð1ÞF Froggatt-Nielsen models. A possibly observ-
able stochastic GW background (SGWB) would result from
cosmic strings produced at the phase transition temperature
T ≈ vϕ, which requires the reheating temperature TRH at the
end of inflation to satisfy TRH > vϕ. This would imply that,
unlike the scenario considered above, axiflavon DM is
produced through misalignment after inflation and domain
walls cannot be diluted by inflation. The distinctive pre-
dictions, possible issues and resulting imprints on the
SGWB following from this setup deserve dedicated future
studies—for studies on the SGWB from phase transitions
and cosmic strings within other kinds of SUð2Þ flavor
models, see [83,84]. Another interesting direction is related
to the cosmological role of the PNGBs π0 or the gauge
bosons W0 if they are ultralight—a natural situation in the
former case. Even if additional DM candidates seem not to
be required within this model, such ultralight fields—if
substantially produced in the early Universe—could act as
dark radiation or be constrained by big-bang nucleosyn-
thesis inducing further interesting signatures or tests of
the model.
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APPENDIX A: LOOP FUNCTIONS

The loop functions appearing in the expressions of the
PNGB-mediated radiative LFV decays presented in Sec. V
read [70]

gðxÞ ¼ ðx − 3Þx2 log x
x − 1

− 2x

þ 1 − 2
ffiffiffiffiffiffiffiffiffiffiffi
x − 4

p
x
3
2 log

 ffiffiffiffiffiffiffiffiffiffiffi
x − 4

p þ ffiffiffi
x

p
2

!
; ðA1Þ

g̃ðxÞ ¼ 2x2 log x
ðx − 1Þ3 þ 1 − 3x

ðx − 1Þ2 : ðA2Þ

APPENDIX B: EXPERIMENTAL LIMITS

Current and future expected experimental limits that we
use in our analysis are listed in Table II.
For what concerns lepton-flavor conserving meson decays

(not reported in the table), in view of the long-distance effects
affecting the SM predictions, we adopt the conservative
limits BRðK → πeeÞ < 10−7, BRðB → KeeÞ < 10−7,
which correspond to the order of magnitude of the mea-
sured branching ratios [62]. For B → Kμμ, we compare the
experimental measurements with the SM predictions for
different values of m2

μμ reported in [100] and impose that the
effect from B → KXð→ μμÞ lies within the combined
uncertainties (at 2σ). The resulting limit is less constraining
than the bound from B → Kμe reported in the table.
As discussed in Sec. VA, for light weakly coupled bosons,

the main constraints arise from searches for an invisible
particle in flavor-violating meson and lepton decays. The
corresponding limits reported in Table II show the case of a
practically massless boson mX ≈ 0. In addition, the exper-
imental limits on μ → eXinv are sensitive to the chirality of
the coupling as muon experiments employ polarized beams,
as discussed in details in [47]. The displayed limit refers to
a light boson with mX ≈ 0 and substantial couplings with
RH lepton currents (like in the case under study). In order to
take into account the mX dependence for heavier bosons,
we employ the average limit BRðμ → eXinvÞ < 6 × 10−6 on
bosons with RH interactions obtained in [78]. For the other
processes, we adopt the exclusion curves reported in [92] for
τ → lXinv (see also [99]), that on Kþ → πþXinv from [26]
(that also includes the limit on π0 → inv [101] in the mass
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gap mX ≈mπ0 where the former search is not sensitive
due to the large Kþ → πþπ0 background), and finally the
2σ exclusion on Bþ → KþXinv estimated in [69] based on
the Belle II measurement of Bþ → Kþνν̄ [99].
For certain values of the model’s parameters, our light

bosons could also decay inside the detector after traveling a
macroscopic distance, hence giving rise to signatures
commonly referred to as “displaced vertices.” To the best
of our knowledge, searches for displaced vertices in the
decays of Table II have never been attempted. Their viability
and possible impact strongly depend on the specific process.
For instance, the running Mu3e experiment is only sensitive
to prompt μ → eeē decays, because the three electron tracks
are required to reconstruct the primary vertex in order to
tame accidental backgrounds, see, e.g., [72]. Similarly,
withinB factories, a secondary vertex (SV) with a significant
displacement from the collision point is necessary to identify
a B meson decay, so that the kaon and the leptons from
B → Kll0 should point to such a SV. On the other hand, for
a kaon decay to be visible, it is just required that the light
particle X decay within the decay volume (e.g., L ∼ 100 m
for NA62), thus it does not matter whether that occurs
promptly or with some displacement. In contrast, searching
for displaced τ LFV decays at Belle II is a viable possibility
that might improve the sensitivity to our light particles and
requires further investigation.
In general, as we have seen in our phenomenological

discussion, when limits from searches for an invisible light

particle X are by far the strongest, the corresponding visible
decays just serve to exclude the large coupling regime.
Since there is no gap between the regions excluded by
searches for invisible and visible X to be filled, we expect
that searches for displaced vertices would not lead to
increased sensitivity. Again, this is not the case of τ decays,
where the visible and invisible modes are currently com-
plementary and set competing limits, as shown by our
Figs. 1 and 2.

APPENDIX C: ASTROPHYSICAL LIMITS

Here, we present simple estimates for the constraints on
the SUð2ÞF bosons arising from astrophysical observations,
particularly those related to star cooling. The emission of
light particles from the star plasma can significantly affect
stellar evolution, potentially conflicting with well-established
observational data. This leads to powerful limits on the
interactions of such particles with matter and radiation [102].
White dwarfs (WD) [103] and red giants (RG) [104]

provide stringent and complementary bounds (with the
former being slightly stronger) as these stars are sensitive to
additional energy loss mechanisms in case of light particles
emission from electrons. Following [47], the resulting
constraints on the coupling to electrons of our SUð2ÞF
bosons result

WD∶ vϕ=Ĉ
ei
Aee ≳ 4.6 × 109 GeV ðglobal caseÞ;

gFCei
Aee ≲ 4.5 × 10−13 ðlocal caseÞ: ðC1Þ

Similarly, adapting the estimate in [47], SN1987A data
constrain the electron couplings as

SN1987A∶ vϕ=Ĉ
e i
A ee ≳ 3.4 × 107 GeV ðglobal caseÞ;

gFCe i
A ee ≲ 6.0 × 10−11 ðlocal caseÞ: ðC2Þ

The most relevant astrophysical constraint on couplings
to quarks also comes from neutron star cooling during
supernova explosions. Translating the effective coupling to
nucleons as defined in [105] to the case of our bosons X, we
can write

gXN ≡ 2CNmN

vϕ
ðglobal caseÞ;

gXN ≡ 1

2
gFCN ðlocal caseÞ; ðC3Þ

where N ¼ n, p denotes a neutron or a proton, CN are the
dimensionless couplings whose expressions in terms of
the couplings to quarks are given in [103], and mN is the
nucleon mass. The effective axion-nucleon coupling that
controls energy loss is then

ḡ2XN ¼ 1

2
ðg2Xp þ g2XnÞ −

1

3
gXpgXn: ðC4Þ

TABLE II. Current experimental limits (90% CL) and future
prospects for the flavor-violating decay modes relevant for our
analysis.

Decay mode Current limit Expected limit

μ → eγ 1.5 × 10−13 [77] 6 × 10−14 [85]
μ → eeē 1.0 × 10−12 [76] 10−16 [86]
μ → eXinv

a
2.6 × 10−6 [87] 7 × 10−8 [88]

τ → μγ 4.2 × 10−8 [89] 6.9 × 10−9 [80]
τ → μμμ̄ 1.9 × 10−8 [90] 3.6 × 10−10 [80]
τ → μeē 1.6 × 10−8 [91] 2.9 × 10−10 [80]
τ → μXinv

b
3.4 × 10−4 [92] 2 × 10−5 [47]

τ → eγ 3.3 × 10−8 [93] 9 × 10−9 [80]
τ → eeē 2.7 × 10−8 [94] 4.7 × 10−10 [80]
τ → eμμ̄ 2.7 × 10−8 [94] 4.5 × 10−10 [80]
τ → eXinv

b
2.8 × 10−4 [92] 8 × 10−6 [47]

Kþ → πþμþe− 1.3 × 10−11 [95] 10−12 [96]
Kþ → πþXinv

b 3 × 10−11 [26]

Bþ → Kþμþe− 6.4 × 10−9 [97]
Bþ → Kþτ�μ∓ 4.8 × 10−5 [98] 3.3 × 10−6 [79]
Bþ → Kþτ�e∓ 3.0 × 10−5 [98] 2.1 × 10−6 [79]
Bþ → KþXinv

b
8 × 10−6 [69,99]

aCorresponds to a practically massless X with substantial
couplings to RH lepton currents;

bCorresponds to a massless X. See the text for details.
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Observations from SN1987A place the following limit on
this effective coupling:

ḡXN ≲ ð0.30–0.40Þ × 10−10: ðC5Þ

For bosons with non-negligible mass, the energy loss due
to their emission is exponentially suppressed. We follow
[102] (see also [47]) and rescale the cooling bounds by the
ratio of thermal energy densities

RðmX; TÞ≡ EXðmX; TÞ
EXð0; TÞ

; ðC6Þ

where the energy density of a boson at temperature T is
given by

EXðmX; TÞ ¼
1

2π2

Z
∞

mX

E2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −m2

X

p
eE=T − 1

dE

¼
8<
:

π2

30
T4; mX ≪ T;

1
ð2πÞ3=2 T

4
�
mX
T

�
5=2

e−mX=T; mX ≫ T:

ðC7Þ

Since the energy loss rate scales as v−2ϕ , the bound should

be rescaled by a factor
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RðmX; TÞ

p
. Due to Boltzmann

suppression, cooling bounds rapidly weaken for mX ≳ 2T,
where TRG ≈ 8.6 keV, TWD ≈ 0.8 keV, TNS ≈ 30 MeV. As
a result, WD and RG constraints become ineffective for
mX > 10–100 keV, and we neglect them in this regime,
focusing instead on SN1987A bounds.

APPENDIX D: AXIFLAVON PHENOMENOLOGY

Flavor and astrophysical bounds based on the axiflavon
interactions presented in Sec. II B can be obtained as in the
previous sections. Since the axiflavon is always light and
long-lived, the only relevant laboratory constraints come
from lepton and meson decays into an invisible particle.
Using the formulas that can be found in the literature on
flavor-violating ALPs, e.g., [47,67], together with the
axiflavon couplings given in Sec. II B, we obtain

fa ≳ 1.3 × 107 GeV ðμ → eaÞ;
fa ≳ 6.0 × 104 GeV ðτ → μaÞ; ðD1Þ

fa ≳ 2.0 × 107 GeV ðK → πaÞ;
fa ≳ 1.0 × 106 GeV ðB → KaÞ; ðD2Þ

where the relation between the axion decay constant and
the Uð2ÞF breaking scale is fa ≃ 0.17 × vϕ, see Eq. (13).
These limits are consistent with those calculated in [42]
considering that we employ a different fit to the Oð1Þ
coefficients and a different Uð1ÞF charge assignment in the
lepton sector (both from [47]). As, we can see, K → πa and
μ → πa give the most stringent constraints that, however,
are orders of magnitude weaker than similar limits that we
obtained for the light SUð2ÞF bosons. This is a consequence
of the Uð2ÞF protection of the axiflavon couplings that, in
particular, suppresses flavor violation in the 1–2 sector.
Therefore, more relevant are the astrophysical constraints,
which read

fa ≳ 5 × 108 GeV ðSN1987AÞ;
fa ≳ 3.5 × 108 GeV ðWDÞ: ðD3Þ

As discussed in Sec. II B, axiflavon production through the
misalignment mechanism provides the correct DM abun-
dance for vϕ ≈ 1012–1014 GeV (fa ≈ 1011–1013 GeV). This
parameter space favored by DM can be probed by running
and upcoming haloscope experiments, see, e.g., [5,106]. The
relevant parameter for these searches is the axion-photon
coupling [50]

gaγγ ¼
1

fa

αem
2π

ðE=N − 1.92Þ; ðD4Þ

where the anomaly coefficients are E ¼ 10, N ¼ 9=2 in
the setup we consider here, E ¼ 12, N ¼ 9=2 in the
SUð5Þ-compatible charge assignment originally consid-
ered in [42].
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