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The flavour puzzle
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courtesy of O. Sumensari

(even w/o considering neutrinos)



• SM fermions charged under a new horizontal symmetry GF 


• GF forbids Yukawa couplings at the renormalisable level


• GF spontaneously broken by the vev(s) of one or more scalars (the “flavons”)  


• Yukawas arise as higher dimensional operators

Froggatt Nielsen ‘79
Leurer Seiberg Nir ’92, ’93


…
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GF could abelian or non-abelian, continuous or discrete, local or global 

 dictated by the symmetrynf
ij
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A possible solution: Froggatt-Nielsen flavour models

on the discrete symmetry A4 acting on the lepton sector and discussed the GWB signal

resulting from the annihilation of the domain walls produced after symmetry breaking –

see also [25–28] for further discussions on domain walls from discrete flavour symmetries.

Finally, Ref. [29] explored the possibility of a SFOPT and the resulting GW signature

within two global FN models similar to the (local) one we focus on in this work, finding

that, for certain values of the parameters, the GWB can be strong enough to be detected

in future experiments if the symmetry breaking occurs at an intermediate energy scale,

104 � 107 GeV. As we will show, such a range is mostly excluded by flavour constraints

within our setup. Furthermore, we do not investigate the possibility of a SFOPT here (as

it typically requires the parameters of the model to satisfy quite non-trivial conditions)

and focus on the GWB produced by the cosmic string network.

2 Benchmark Froggatt-Nielsen Model

The hierarchical structure of the Yukawa matrices can be accounted for by the FN mech-

anism [3–5]. A new abelian symmetry U(1)F is introduced within this framework, under

which SM fermions are charged such that the Yukawa interactions are forbidden at the

renormalisable level (with the possible exception of the top quark Yukawa that, being

O (1), requires no suppression). The Yukawa couplings then arise as higher-order opera-

tors after the flavour symmetry is broken spontaneously by the vev of a complex scalar field

�. This new field, also know as the “flavon”, is not charged under any of the SM gauge

symmetries and contains two degrees of freedom: a CP-even (real) scalar with mass O (h�i)

and a CP-odd scalar, the Nambu-Goldstone boson of the broken U(1)F , which becomes

the longitudinal component of the associated gauge boson if the symmetry is local.

As mentioned above, the mechanism requires that the SM fermions fi carry U(1)F
charges Qfi

. Here, fi denotes the SM fermion fields with well-defined electroweak quantum

numbers, with the generation index running over i = 1, 2, 3 in the interaction basis.

We consider the e↵ective theory below a given UV cuto↵ scale ⇤, which we take much

higher than the electroweak scale. The flavon interacts with SM fields through higher-

dimensional operators consistently with U(1)F invariance. Without loss of generality, one

can set the flavon charge to be Q� = 1, obtaining the following interactions:

�L = a
u
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where the exponent of each term ensures the invariance of the Lagrangian under U(1)F ,

n
u

ij ⌘ QQi
�Quj

+QH , n
d

ij ⌘ QQi
�Qdj

�QH , n
`

ij ⌘ QLi
�Qej

�QH , (2.2)

while a
u, ad, and a

` are anarchical matrices of O (1) coe�cients, which are related to the

fundamental couplings of the underlying UV-complete theory. Plausible UV completions

can be realised by heavy vector-like fermions or additional scalar doublets and singlets (the

so-called “FN messengers”) with mass of the order of the cuto↵ scale ⇤ and O(1) couplings

with the flavon and/or the SM fields [7, 30]. Note that we considered the possibility of a

– 3 –

small expansion parameter (Λ=UV scale)
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h�i < ⇤

flavour-anarchical

O(1) coefficients

→ for a recent review see Altmannshofer Greljo '24

https://arxiv.org/abs/2412.04549


Example:

Vud ⇡ Vcs ⇡ Vtb ⇡ 1 Vub ⇡ Vtd ⇡ Vus ⇥ Vcb
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Quark sector

Rotation matrices

Successful predictions for                       :

(independent of charge assignment)
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The simplest option: Froggatt-Nielsen U(1)

� q̄i ui di h
U(1) -1 [q]i [u]i [d]i 0
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Under the assumption of anarchical O (1) coe�cients, the fermion hierarchies are solely

due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:
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Subsequently, the CKM mixing matrix can then be defined as

Vckm = V
u
V

d †
. (2.7)

Hence, for QQ1 > QQ2 > QQ3 (an ordering justified by the observed mass hierarchy), the

resulting entries of the CKM matrix are

Vus ⇠ ✏
QQ1�QQ2 , Vub ⇠ ✏

QQ1�QQ3 , Vcb ⇠ ✏
QQ2�QQ3 , (2.8)

from which the following general order-of-magnitude prediction (independent of the specific

charge assignment) follows:

Vub ⇠ Vus ⇥ Vcb , (2.9)

which is in good agreement with experimental observations.

The setup described above is general. In the following, we will introduce benchmark

models separately for quarks and leptons, leaving open the possibility that the FN sym-

metry only acts either on the quark sector or on the lepton sector, thus addressing the

– 4 –

di↵erent cuto↵ scale in the lepton sector, that is, ⇤` 6= ⇤, an assumption that is consistent

with the fact that the FN messenger fields in UV-complete models generally carry di↵erent

quantum numbers in the quark and lepton sectors.

The SM Yukawa interactions arise dynamically upon spontaneous breaking of the

U(1)F symmetry due to the flavon vev h�i. Crucial quantities for this framework are

the ratios between this vev and the UV cuto↵ scales:

✏ ⌘
h�i

⇤
< 1 , ✏` ⌘

h�i

⇤`

< 1 . (2.3)

In terms of these quantities, the SM quark and lepton Yukawa matrices then read

Y
u

ij = a
u

ij ✏
QQi

�Quj
+QH

, Y
d

ij = a
d

ij ✏
QQi

�Qdj
�QH

, Y
`

ij = a
`

ij ✏
QLi

�Qej
�QH

`
. (2.4)

Under the assumption of anarchical O (1) coe�cients, the fermion hierarchies are solely

due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:

Y
f = V

f†
Ŷ
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flavour hierarchies only partially, or assuming that di↵erent symmetries are at work in the

two sectors.

Note that the FN charge of the Higgs field H can always be taken to be vanishing

since the FN charge of the full Yukawa operator determines the hierarchical suppression.1

In the remainder of this work, we will assume QH = 0 for concreteness.

2.1 Quark sector

In the quark sector, a possible charge assignment is given by

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (�4, �2, 0),

(Qd1 , Qd2 , Qd3) = (�4, �2, �2), (2.10)

which leads to the following structure for the Yukawa matrices:
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Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in a
u and a

d, the above matrices

can easily fit the observed quark masses and CKM mixing. We stress that the discussion

in the following sections depends only mildly on the specific values of the FN charges and

could be readily adapted to other options.2

The order of magnitude of the rotations following from Eq. (2.6) is
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where we see that the rotations of the LH fields are of the order of the CKM angles both

in the up and in the down sector.

2.2 Lepton sector

In the lepton sector, let us assume that neutrinos are Majorona particles, with their mass

terms induced by the usual Weinberg operator [34]. The resulting U(1)F -invariant La-

grangian reads
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1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.
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1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.

– 5 –

<latexit sha1_base64="ACG34vXcXHHlRPW7gS2Fn7f25Ng=">AAACHXicbZA9S0MxFIZz/bZ+VR1dgkVwkHpvkeoiCC4ODgpWhaaUc9PTNpibhCRXLMU/4uJfcXFQxMFF/DemtYNfLwQe3nNOkvOmRgrn4/gjGhufmJyanpktzM0vLC4Vl1fOnc4txxrXUtvLFBxKobDmhZd4aSxClkq8SK8OB/WLa7ROaHXmewYbGXSUaAsOPljN4g7bogyNE1Iruk+ZBNWRyExXMDvEbXYcbmsBZWCM1Tc0LleaxVJcjoeifyEZQYmMdNIsvrGW5nmGynMJztWT2PhGH6wXXOJtgeUODfAr6GA9oIIMXaM/3O6WbgSnRdvahqM8HbrfJ/qQOdfL0tCZge+637WB+V+tnvv2XqMvlMk9Kv71UDuX1Gs6iIq2hEXuZS8AcCvCXynvggXuQ6CFEELye+W/cF4pJ9Vy9XSndFAdxTFD1sg62SQJ2SUH5IickBrh5I48kCfyHN1Hj9FL9PrVOhaNZlbJD0Xvn6fdoQA=</latexit>

✏ = h�i/⇤ ⇡ 0.2

flavour hierarchies only partially, or assuming that di↵erent symmetries are at work in the

two sectors.

Note that the FN charge of the Higgs field H can always be taken to be vanishing

since the FN charge of the full Yukawa operator determines the hierarchical suppression.1

In the remainder of this work, we will assume QH = 0 for concreteness.

2.1 Quark sector
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Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in a
u and a

d, the above matrices

can easily fit the observed quark masses and CKM mixing. We stress that the discussion

in the following sections depends only mildly on the specific values of the FN charges and

could be readily adapted to other options.2
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where we see that the rotations of the LH fields are of the order of the CKM angles both

in the up and in the down sector.

2.2 Lepton sector

In the lepton sector, let us assume that neutrinos are Majorona particles, with their mass

terms induced by the usual Weinberg operator [34]. The resulting U(1)F -invariant La-

grangian reads
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1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.
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di↵erent cuto↵ scale in the lepton sector, that is, ⇤` 6= ⇤, an assumption that is consistent

with the fact that the FN messenger fields in UV-complete models generally carry di↵erent

quantum numbers in the quark and lepton sectors.

The SM Yukawa interactions arise dynamically upon spontaneous breaking of the

U(1)F symmetry due to the flavon vev h�i. Crucial quantities for this framework are

the ratios between this vev and the UV cuto↵ scales:

✏ ⌘
h�i

⇤
< 1 , ✏` ⌘

h�i

⇤`

< 1 . (2.3)

In terms of these quantities, the SM quark and lepton Yukawa matrices then read

Y
u

ij = a
u

ij ✏
QQi

�Quj
+QH

, Y
d

ij = a
d

ij ✏
QQi

�Qdj
�QH

, Y
`

ij = a
`

ij ✏
QLi

�Qej
�QH

`
. (2.4)

Under the assumption of anarchical O (1) coe�cients, the fermion hierarchies are solely

due to powers of the small parameters ✏ and ✏`, that is, the hierarchical structure is ulti-

mately controlled by the FN charges we assign to the SM fields. Incidentally, note how the

mechanism is not sensitive to the absolute scales h�i and ⇤(`) but only on their ratio ✏(`).

The Yukawa matrices can be diagonalised by bi-unitary transformations:

Y
f = V

f†
Ŷ

f
W

f
, f = u, d, ` , (2.5)

where Ŷ f are flavour-diagonal matrices, and V
f andW

f are unitary matrices corresponding

to rotations of left-handed (LH) and right-handed (RH) fields, respectively. The size of

their entries is approximately

V
u

ij ⇠ ✏

���QQi
�QQj

���
, V

d

ij ⇠ ✏

���QQi
�QQj

���
, V

`

ij ⇠ ✏

���QLi
�QLj

���
,

W
u

ij ⇠ ✏
|Qui

�Quj
|
, W

d

ij ⇠ ✏

���Qdi
�Qdj

���
, W

`

ij ⇠ ✏
|Qei

�Qej
|
. (2.6)

Subsequently, the CKM mixing matrix can then be defined as

Vckm = V
u
V

d †
. (2.7)

Hence, for QQ1 > QQ2 > QQ3 (an ordering justified by the observed mass hierarchy), the

resulting entries of the CKM matrix are

Vus ⇠ ✏
QQ1�QQ2 , Vub ⇠ ✏

QQ1�QQ3 , Vcb ⇠ ✏
QQ2�QQ3 , (2.8)

from which the following general order-of-magnitude prediction (independent of the specific

charge assignment) follows:

Vub ⇠ Vus ⇥ Vcb , (2.9)

which is in good agreement with experimental observations.

The setup described above is general. In the following, we will introduce benchmark

models separately for quarks and leptons, leaving open the possibility that the FN sym-

metry only acts either on the quark sector or on the lepton sector, thus addressing the
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Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei
. However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z
0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.

2.3 Flavon interactions and decays

Let us write the phase and the radial excitation of the flavon field � as

� =
v� + '
p
2

e
i a/v� , (2.22)

where we defined v� such that h�i ⌘ v�/
p
2. For a local U(1)F , the would-be Nambu-

Goldstone boson a provides the longitudinal component for the FN gauge boson Z
0.4 After

U(1)F breaking, following from the quartic self-coupling V (�) �
��

4 |�|
4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m
2
' =

1

2
��v

2
�
. (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = n
f

ij

m
f

ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y
f
v/

p
2. Note that, as a consequence of the

dependence on the exponents nf

ij
, these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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• Acquires mass from the QCD anomaly

• Drives the QCD vacuum to a CP-conserving minimum  

(solving the strong CP problem)

• Provides Dark Matter through the misalignment mechanism

• Anomaly coefficients (hence, axion coupling to photons) 

predicted in terms of the fermion mass hierarchies

• By construction, flavour-violating couplings:  

produced in meson/lepton decays, prominently K → π a

LC Goertz Redigolo Ziegler Zupan ’16

Ema Hamaguchi Moroi Nakayama ‘16“axiflavon”

For anomalous charges (QCD anomaly) a behaves like a QCD axion:

Global Froggatt-Nielsen U(1)
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Flavour-violating decays into light bosons

Searches for meson and lepton decays to a light invisible boson X, e.g.: 

0 50 100 150 200 250
mX [MeV/c2]

0.0

0.2

0.4

0.6

0.8

1.0

B
(K

+
!

�
+
X
)

at
90
%

C
L

⇥10�10

±2�

±1�

Expected UL
Observed UL
Obs.UL. 2016-18

(a)

0 50 100 150 200 250
mX [MeV/c2]

10�11

10�10

10�9

10�8

B
(K

+
!

�
+
X
)

at
90
%

C
L

� = 100 ps
� = 200 ps
� = 500 ps
� = 1 ns
� = 2 ns
� = 5 ns
� = �

(b)

Figure 2. Model-independent constraints on B(K+
! ⇡

+
X) as function of mX , from interpretation

of the 2016–2022 measurement of the K
+

! ⇡
+
⌫⌫̄ decay. (a): Expected and observed upper limits

at 90% CL for B(K+
! ⇡

+
X) as function of mX for invisible X, with comparison to observed upper

limits from 2016–2018 data [7]. (b): Observed upper limits at 90% CL of B(K+
! ⇡

+
X) as function

of mX , for several ⌧X hypotheses, assuming X decays to visible SM particles.
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Figure 3. Upper limits at 90%CL for B(K+
! ⇡

+
X) as function of mX for several ⌧X hypotheses,

from searches for ⇡0 decays to invisible final states [12].

2.2 Search for ⇡0 decays to invisible final states

A search for ⇡
0 decays to invisible final states was performed on 2017 data [12], selecting a

sample of K+
! ⇡

+
⇡
0 decays using criteria similar to those used for the K

+
! ⇡

+
⌫⌫̄ study.

This search is interpreted to provide model-independent upper limits for B(K+
! ⇡

+
X),

where mX is close to the ⇡0 mass in the range 110–155MeV/c2. Limits are placed for a range

of ⌧X values, as shown in figure 3.
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(a) Limits on the µ→ eX branching fraction for h = 0.
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(b) Limits on the µ→ eX branching fraction for h =+1.
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(c) Limits on the µ→ eX branching fraction for h =−1.

Figure 5.27: Comparison of the expected limits on the µ→ eX

branching fraction at 90 % CL for different couplings h as-

suming 300 days of data taking at 108 µ/s with the results

of the TWIST experiment [108]. TWIST results by courtesy

of R. Bayes.

K+ → π+X μ+ → e+X

present limit (TWIST)

for X coupling to a RH current

fut. sensitivity (Mu3e)

TWIST 2014, Perrevoort (Mu3e) ‘18NA62 '25

In our case, depending on their lifetime, the light boson X can give 
signature like these or decay inside the detector e.g. as  X → μ+μ−, e+e−

(similar sensitivity at MEGII, Mu2e, COMET) 
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FIG. 1: The axiflavon band (light brown) projected on the axion parameter space: mass vs. photon coupling defined in Eq. (16).
The standard KSVZ/DFSZ band is shown in light yellow. The grey exclusion region is obtained from the combination of
various axion constraints that are summarized in the legend. The dashed colored lines show the projected reach of future axion
experiments. The solid blue line is the exclusion reach from current flavor experiments for an axiflavon model with sd/N = 1
(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.

corresponding to the U(1)H breaking happens before in-
flation, the energy density stored in the axion oscillations
can be easily related to the present Dark Matter (DM)
abundance [8–10]:

⌦DMh
2
⇡ 1⇥ 10�7

✓
eV

ma

◆7/6

✓
2
. (18)

For a given axion mass below roughly . 10�5
�10�4 eV it

is then always possible to choose a misalignment angle ✓

to get the correct dark matter abundance ⌦DMh
2
⇡ 0.12.

The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [40].

We show in Fig. 1 present and future bounds on the
axiflavon both from axion searches and from flavor ex-
periments in terms of its mass ma and its coupling to
photons ga�� . In this plane one can appreciate how the
allowed range of E/N is considerably reduced compared
to the standard axion window [32]. Assuming that the
axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.

In the high mass region with ma ⇠ 0.1�10 meV strin-
gent bounds on the axiflavon comes from its coupling to
fermions and are hence independent of ga�� . A mild lower
bound on the axiflavon decay constant fa can be derived
from axiflavon coupling to electrons which a↵ects white
dwarf cooling [41]. This bound cuts o↵ our parameter
space at around ma . 10 meV.

A stronger bound comes from the flavor-violating cou-
pling of the axiflavon to down and strange quarks, asd,
leading to (bounds from kaon decays are more restrictive
than the bounds from kaon mixing)

�(K+
! ⇡

+
a) '

mK

64⇡
|�

d

21 + �
d⇤
12|

2
B

2
s

✓
1�

m
2
⇡

m
2
K

◆
, (19)

where mK,⇡ are the kaon and pion masses, and Bs =
4.6(8) is the nonperturbative parameter related to the
quark condenstate [42]. The 90% CL combined bound
from E787 and E949, BR(K+

! ⇡
+
a) < 7.3 · 10�11 [43],

gives

1

2
|�

d

21 + �
d⇤
12| < 1.4 · 10�13

. (20)

Defining |�
d

21 + �
d⇤
12| ⌘ 2sd

p
mdms/(2Nfa), this gives

fa & sd

N
⇥ 7.5 · 1010 GeV , (21)

where sd/N ⇠ O(1) are model-dependent coe�cients
controlled by the particular flavor charge assignments,
and quark masses are taken at µ ⇠ 2GeV. Similarly in
the B sector we find

�(B+
! K

+
a) '

mB
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d
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d⇤
23|

2
�
f
K

0 (0)
�2
�BK , (22)

with f
K

0 (0) = 0.331 [44] and the shorthand notation

�BK =

✓
mB

mb �ms

◆2✓
1�

m
2
K

m
2
B

◆3

. (23)

The axiflavon can be complementary tested at axion and flavour experiments

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6
✏
2N

, (12)

detmd/detme = ↵de ✏
8
3N�E

, (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6
⇡

5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |E
N

� 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |

E

N
� 1.92| 2 [0.07, 7] [32].

Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6
⇡ �44, while the

first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2
[1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v
6
! sin3

�
cos3

�
v
6 where tan� = vu/vd is the ratio of

Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

Local Froggatt-Nielsen U(1)

Below the cutoff Λ, only two new particles:

Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei
. However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z
0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.

2.3 Flavon interactions and decays

Let us write the phase and the radial excitation of the flavon field � as

� =
v� + '
p
2

e
i a/v� , (2.22)

where we defined v� such that h�i ⌘ v�/
p
2. For a local U(1)F , the would-be Nambu-

Goldstone boson a provides the longitudinal component for the FN gauge boson Z
0.4 After

U(1)F breaking, following from the quartic self-coupling V (�) �
��

4 |�|
4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m
2
' =

1

2
��v

2
�
. (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = n
f

ij

m
f

ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y
f
v/

p
2. Note that, as a consequence of the

dependence on the exponents nf

ij
, these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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Physical flavon U(1) gauge boson, Z’

Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z
0
Z

0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z
0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z
0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z
0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z
0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +Qdi
PR)di+

`i�
µ(QLi

PL +Qei
PR)`i + ⌫̄i�

µ
QLi

PL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z
0
µ

h
u↵�

µ(Cu

L↵�
PL + C

u

R↵�
PR)u� + d↵�

µ(Cd

L↵�
PL + C

d

R↵�
PR)d� +

`↵�
µ(C`

L↵�
PL + C

`

R↵�
PR)`� + ⌫̄↵�

µ
C

⌫

L↵�
PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

C
f

L↵�
⌘ V

f

↵i
QfLi

V
f ⇤
�i

, C
f

R↵�
⌘ W

f

↵i
QfRi

W
f ⇤
�i

. (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 

 

→ both fields decay into SM fermions and are produced in the early 
universe by thermal interactions (O(1) couplings with the fields at Λ)

→ we have to require their lifetime < 0.1 s in order not to affect BBN

Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino
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Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as
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where f = u, d, ` and the mass matrices mf = Y
f
v/

p
2. Note that, as a consequence of the

dependence on the exponents nf

ij
, these interactions are by construction flavour-violating,
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z
0
Z

0)+
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�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)
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⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z
0 gauge boson with mass

mZ0 =
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by
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�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z
0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z
0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z
0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z
0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +Qdi
PR)di+

`i�
µ(QLi

PL +Qei
PR)`i + ⌫̄i�

µ
QLi

PL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z
0
µ

h
u↵�

µ(Cu

L↵�
PL + C

u

R↵�
PR)u� + d↵�

µ(Cd

L↵�
PL + C

d

R↵�
PR)d� +

`↵�
µ(C`

L↵�
PL + C

`

R↵�
PR)`� + ⌫̄↵�

µ
C

⌫

L↵�
PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

C
f

L↵�
⌘ V

f

↵i
QfLi

V
f ⇤
�i

, C
f

R↵�
⌘ W

f

↵i
QfRi

W
f ⇤
�i

. (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.
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Interactions of the new gauge boson Z’ flavour-violating by construction:

unitary rotations 

to the fermion mass basis

matrices of 

U(1) charges

new U(1) gauge

coupling

In terms of couplings to vector and axial currents, we can then write:

L = gF Z
0
µ

h
f↵�

µ(Cf

V ↵�
+ C

f

A↵�
�5)f�

i
, C

f

V,A
=

C
f

R
± C

f

L

2
. (3.5)

As we can see from Eq. (3.3), flavour-violating Z
0 couplings are typically induced be-

cause di↵erent flavours carry di↵erent U(1)F charges. In fact, because of the unitarity of

the rotation matrices, flavour-violating couplings are proportional to the di↵erence of the

charges of the fermions involved. As a consequence, our Z
0 generally mediates flavour-

changing-neutral-current (FCNC) and lepton-flavour-violating (LFV) processes such as

K � K̄ oscillations, µ ! eee, etc. If Z 0 is light enough (which may occur for gF ⌧ 1),

one should also consider constraints from decays of mesons and leptons into Z
0, such as

K ! ⇡Z
0 and µ ! eZ

0. The resulting flavour bounds are discussed in the next section.

In terms of the couplings defined in Eq. (3.5), the kinematically allowed decay widths

of the Z
0 decaying into fermions read [47]:

�(Z 0
! f↵f�) =

N
f
c g

2
F
mZ0

12⇡

s

1� 2
m

2
f↵

m
2
Z0

� 2
m

2
f�

m
2
Z0

⇥ (3.6)

" 
1�

m
2
f↵

+m
2
f�

2m2
Z0

!⇣
|C

f

V ↵�
|
2 + |C

f

A↵�
|
2
⌘
+ 3

mf↵
mf�

m
2
Z0

⇣
|C

f

V ↵�
|
2
� |C

f

A↵�
|
2
⌘#

,

where the colour factor is Nu,d
c = 3, N `,⌫

c = 1. In particular, the flavour-conserving decay

widths take the form:

�(Z 0
! f↵f↵) =

N
f
c g

2
F
mZ0

12⇡

s

1� 4
m

2
f↵

m
2
Z0

✓
1 + 2

m
2
f↵

m
2
Z0

◆
|C

f

V ↵↵
|
2 +

✓
1� 4

m
2
f↵

m
2
Z0

!
|C

f

A↵↵
|
2

�
.

(3.7)

For a heavy Z
0, the total decay width is then just given by 6

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

For simplicity, when considering a light Z 0, we still estimate its lifetime based on the above

perturbative processes, neglecting hadronization and just eliminating the contributions

below threshold. For what concerns light quarks, no contribution from decays into up and

down (strange) quarks is included for mZ0 below the pion (kaon) kinematic threshold.

4 Flavour constraints

In this section, we focus on the most relevant constraints from low-energy processes on FN

models, which are due to the flavour-violating interactions of the FN gauge boson. In prin-

ciple, the flavon ' can also mediate flavour-changing processes. However, its contributions

6A coupling of the Z0 with photons is induced via fermion loops. However, according to the Landau-

Yang theorem [48, 49], a vector boson cannot decay into two photons, which leaves Z0 ! ��� as the leading

Z0 decay into photons. This mode is highly suppressed and only relevant if Z0 is lighter than any fermion

pair it couples to [50] – in our case, mZ0 < 2m⌫1 , or mZ0 < 2me for models featuring no interaction with

neutrinos, that is, QLi = 0.
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Flavour-violating FN Z’

Z’ mediates flavour-violating processes and, 

if light, mesons and leptons can decay into it, e.g.:

`+

a

⌧�

Z

⌧+

b s

u u

`+

`�

⇡̂

B+ K+

Figure 40: Illustrative Feynman diagrams of light BSM states produced via their couplings

with the flavor sector, including the light dark pion ⇡̂ and the ALP a. LEFT: Illustrative

Feynman diagrams for the ALP production in Z ! ⌧�⌧+ events via lepton flavor violating

couplings. RIGHT: B+
! K+⇡̂(! µ+µ�). The flavor-changing interaction between the

SM quarks and ⇡̂ can arise either at the tree level or through an EW loop.

as the dark pion ⇡̂ [343], etc. As a paradigmatic example, let us consider an ALP a that

couples with the SM fermions via the dimension-5 operators

L �
@µa

2fa

�
cAff 0 f̄�µ�5f 0 + cVff 0 f̄�µf 0

�
, (11.1)

where f and f 0 are SM fermions, cA,V
ff 0 are dimensionless couplings, (with the vector ones

cVff being unphysical if f = f 0), and fa is the ALP decay constant that can be regarded

as a measure of the NP energy scale. These light BSM states could thus be explored

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the

LFV decay ⌧ ! `a (see the left panel of Figure 40) with the ALP a being invisible [344]. The

– 59 –

`+

a

⌧�

Z

⌧+

b s

u u

`+

`�

⇡̂

B+ K+

Figure 40: Illustrative Feynman diagrams of light BSM states produced via their couplings

with the flavor sector, including the light dark pion ⇡̂ and the ALP a. LEFT: Illustrative

Feynman diagrams for the ALP production in Z ! ⌧�⌧+ events via lepton flavor violating

couplings. RIGHT: B+
! K+⇡̂(! µ+µ�). The flavor-changing interaction between the

SM quarks and ⇡̂ can arise either at the tree level or through an EW loop.

as the dark pion ⇡̂ [343], etc. As a paradigmatic example, let us consider an ALP a that

couples with the SM fermions via the dimension-5 operators

L �
@µa

2fa

�
cAff 0 f̄�µ�5f 0 + cVff 0 f̄�µf 0

�
, (11.1)

where f and f 0 are SM fermions, cA,V
ff 0 are dimensionless couplings, (with the vector ones

cVff being unphysical if f = f 0), and fa is the ALP decay constant that can be regarded
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where f and f 0 are SM fermions, cA,V
ff 0 are dimensionless couplings, (with the vector ones

cVff being unphysical if f = f 0), and fa is the ALP decay constant that can be regarded

as a measure of the NP energy scale. These light BSM states could thus be explored

in flavor-physics experiments if they are radiated from initial or final state particles, or

they are produced in lepton/quark decays. Interestingly, the production in the latter case

does not conserve lepton flavor and the sensitivity to UV scales is parametrically enhanced

by the narrow width of the SM fermions. Owing to their feebly-interacting nature, (so

as for them to remain undetected so far), the produced BSM particles tend to be long-

lived. They are often subject to displaced decays or they contribute to missing energy

directly. Both kinematic features being used as collider signatures of light BSM particles

have been widely studied. Note that the heavy-flavored particles in the SM are also long-

lived; to enable their identification, detectors have often been designed for reconstructing

the tracking/vertexing information with high quality. Even if the light BSM particle in

question is invisible, the techniques for reconstructing the missing energy at the Z pole

can facilitate the reconstruction of its invariant mass. Therefore, the exploration of light

BSM states in this context is naturally expected. Below, let us consider the detection of

light BSM states which are produced via the decays of heavy-flavored leptons and quarks,

using the ALP and dark pion as respective examples.

11.1 Lepton Sector

As discussed in Sections 3, 4, and 7, the CEPC has a strong potential for carrying out ⌧ -

related searches, due to the excellent performance of its tracker. A prominent example is the

LFV decay ⌧ ! `a (see the left panel of Figure 40) with the ALP a being invisible [344]. The
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 
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How light can the flavour dynamics be?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Low-energy flavour models

• Local flavour symmetry       flavour gauge bosons, e.g. abelian Z' : 

• FV couplings to fermions (different generations have different charges) 

• FCNC also arise at tree-level, e.g.: 

• Additional contributions arise from the messenger sector 
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Cosmic strings and gravitational waves

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

What if the U(1) breaking occurs at higher energies?


A new promising direction: gravitational waves (GW)

Kibble '76 (for a review: Vilenkin Shellard '00)

• After inflation, the universe reheats with TRH > v𝜙


• At T ~ v𝜙  the universe undergoes a 2nd order phase transition

Key assumptions:

FN U(1) unbroken in the early universe

gauge strings form

U(1) breaking → cosmic strings → emission of a GW background!

Larger signal for higher U(1) breaking scales!

https://doi.org/10.1088/0305-4470/9/8/029
https://www.cambridge.org/mw/universitypress/subjects/physics/theoretical-physics-and-mathematical-physics/cosmic-strings-and-other-topological-defects?format=PB
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Figure 6. Parameter space scan of (mZ0 , gF ) for the large mass ratio benchmark where � = 103.
The green region denotes part of the parameter space where the Z

0 lifetime is longer than 0.1 s,
potentially interfering with BBN. The other coloured regions are as in Figure 5.

The detectability region of future GW experiments is illustrated in Figure 5 and Fig-

ure 6 for the � = 1 and � = 103 case, respectively, as a function of the Z
0 boson mass mZ0

and gauge coupling gF . Both figures show coloured regions corresponding to portions of

the parameter space where the expected GWB signal from cosmic strings is large enough

to be detectable by the next-generation GW experiments. Note that although not explic-

itly shown, other experiments such as the Square Kilometer Array (SKA) [114] and the

AEDGE experiment [105] display similar detectability regions.

For each case, we consider two possible scenarios. Using dashed lines, we show the

parameter space that can be probed without implementing the cut on the GW spectrum

possibly originating from a large string width and the resulting particle emission. Con-

versely, when we implement the modification to the spectrum due to the string width as

explained in Section 5.3, we illustrate the e↵ect on the detectability of the signal as full

lines. In both cases, the signal associated to any of the parameter space that lies below the

coloured line is potentially detectable with the GW experiment under consideration. As

the figures show, the di↵erence between the two scenarios is particularly relevant only in

the bottom-left part of the (mZ0 , gF ) plane, where the combination mZ0
p
� ⇠ m' is small

and hence the width of the strings is large.

In Figure 5, we also show two benchmark points, defined in Eq. (5.22), that illustrate

the e↵ect of taking into account the particle emission from strings, which suppresses the

GWB signal above some characteristic frequency. These are represented by a square and

a star, which refer to the corresponding spectra depicted in Figure 4. In particular, we

note that the benchmark point denoted by the star falls within the sensitivity of the ET

only if we neglect the frequency cut discussed above, otherwise this part of the parameter

– 22 –

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

new gauge 
boson mass

U(1) gauge 
coupling

flavour exp 
exclusion

Planned GW exp 
sensitivity

GW and flavour exps. interplay can (almost) close the parameter space!

<latexit sha1_base64="HkJ7QxCbNvwV8/oZqQcCWGXDXjw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyqRA8KAS8eI5gHZNcwO+lNhsw+mOkVwpLf8OJBEa/+jDf/xkmyB00saCiquunu8hMpNNr2t1VYWV1b3yhulra2d3b3yvsHLR2nikOTxzJWHZ9pkCKCJgqU0EkUsNCX0PZHt1O//QRKizh6wHECXsgGkQgEZ2gk1/UBGb2hjv143itX7Ko9A10mTk4qJEejV/5y+zFPQ4iQS6Z117 ET9DKmUHAJk5KbakgYH7EBdA2NWAjay2Y3T+iJUfo0iJWpCOlM/T2RsVDrceibzpDhUC96U/E/r5ticOVlIkpShIjPFwWppBjTaQC0LxRwlGNDGFfC3Er5kCnG0cRUMiE4iy8vk9ZZ1alVa/cXlfp1HkeRHJFjckoccknq5I40SJNwkpBn8krerNR6sd6tj3lrwcpnDskfWJ8/BjqQXg==</latexit>

� = 103

Flavour limits vs future GW sensitivities

BBN excl.

Blasi LC Mariotti Turbang '24

https://arxiv.org/abs/2410.08668


Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

Data seems to suggest a tighter flavour structure 
“Zeroth-order” pattern:  

massive third generation (singlets), massless first two families (doublets)

U(2) natural candidate

We focus on the  model proposed in Linster Ziegler '18 
providing an excellent fit to fermion masses and mixing 


(including neutrinos →                      )

U(2)F ≃ SU(2)F × U(1)F

Linster et al. '20
Giarnetti et al. '25

Charge assignment

Ua Da Qa U3 D3 Q3 Ea La E3 L3 H �a �

SU(2)F 2 2 2 1 1 1 2 2 1 1 1 2 1

U(1)F 1 1 1 0 1 0 1 1 0 -1 0 -1 -1

Table 1: Transformation properties of the fields under U(2)F = SU(2)F ⇥ U(1)F . 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 = 1, 2 is the index of the fundamental representation of
SU(2)F . H denotes the SM Higgs field, while �a and � are the flavon fields.

be discovered at running and future flavor experiments.
The rest of the paper is organized as follows. In Section 2, we review the framework and

discuss the Nambu-Goldstone bosons arising from the spontaneous breaking of the U(2)F
flavor symmetry. In Section 3, we discuss the case where SU(2)F is a local symmetry, en-
tailing the existence of a triplet of flavored gauge bosons W

0. Section 4 is instead devoted
to introducing the PNGB triplet ⇡

0 in the case of a global SU(2)F . The phenomenological
implications of both cases are presented in Section 5. Finally, we summarize our findings and
draw our conclusions in Section 6. Useful formulae and experimental input are collected in
the appendices.

2 Set-up of the model

In this section, we review the basic framework of the U(2)F flavor model [33] and introduce the
Nambu-Goldstone bosons associated with the spontaneous breaking of the flavor symmetry.
The transformation properties of the SM fermions under U(2)F = SU(2)F ⇥ U(1)F are
displayed in Table 1. The first two generations of fermions transform as doublets under
SU(2)F , while the third generation is an SU(2)F singlet. Hence, we adopt the notation
Qa = (Q1 Q2)T to represent the first and second generation LH quarks, and similarly for the
LH leptons. The Higgs field is a singlet under SU(2)F and is U(1)F -neutral.

In the original U(2)F model [33], the SM fermions were assigned SU(2)F⇥U(1)F quantum
numbers consistent with an SU(5) 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 [37].1 Here, we adopt the modified
charge assignment introduced in [36], where the U(1)F charge of L3 is �1 instead of +1,
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” � and �) are
introduced, with � being an SU(2)F singlet and � an SU(2)F doublet, both carrying U(1)F
charge �1 (see Table 1). The VEVs of these fields are
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For a general discussion of the neutrino sector within the U(2)F framework, see [35].
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(as slightly modified in  
LC Redigolo Ziegler Zupan ’20)

U(2) flavour model

2 flavons: 1 doublet, 1 singlet

Ua Da Qa U3 D3 Q3 Ea La E3 L3 H �a �

SU(2)F 2 2 2 1 1 1 2 2 1 1 1 2 1

U(1)F 1 1 1 0 1 0 1 1 0 -1 0 -1 -1

Table 1: Transformation properties of the fields under U(2)F = SU(2)F ⇥ U(1)F . 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 = 1, 2 is the index of the fundamental representation of
SU(2)F . H denotes the SM Higgs field, while �a and � are the flavon fields.

be discovered at running and future flavor experiments.
The rest of the paper is organized as follows. In Section 2, we review the framework and

discuss the Nambu-Goldstone bosons arising from the spontaneous breaking of the U(2)F
flavor symmetry. In Section 3, we discuss the case where SU(2)F is a local symmetry, en-
tailing the existence of a triplet of flavored gauge bosons W

0. Section 4 is instead devoted
to introducing the PNGB triplet ⇡

0 in the case of a global SU(2)F . The phenomenological
implications of both cases are presented in Section 5. Finally, we summarize our findings and
draw our conclusions in Section 6. Useful formulae and experimental input are collected in
the appendices.

2 Set-up of the model

In this section, we review the basic framework of the U(2)F flavor model [33] and introduce the
Nambu-Goldstone bosons associated with the spontaneous breaking of the flavor symmetry.
The transformation properties of the SM fermions under U(2)F = SU(2)F ⇥ U(1)F are
displayed in Table 1. The first two generations of fermions transform as doublets under
SU(2)F , while the third generation is an SU(2)F singlet. Hence, we adopt the notation
Qa = (Q1 Q2)T to represent the first and second generation LH quarks, and similarly for the
LH leptons. The Higgs field is a singlet under SU(2)F and is U(1)F -neutral.

In the original U(2)F model [33], the SM fermions were assigned SU(2)F⇥U(1)F quantum
numbers consistent with an SU(5) 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 [37].1 Here, we adopt the modified
charge assignment introduced in [36], where the U(1)F charge of L3 is �1 instead of +1,
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” � and �) are
introduced, with � being an SU(2)F singlet and � an SU(2)F doublet, both carrying U(1)F
charge �1 (see Table 1). The VEVs of these fields are
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U(2) flavour model

where we defined two expansion parameters "� ⇡ "� ⌧ 1 and ⇤ is a cut-o↵ scale associated
with the UV completion of the theory.2

By means of a suitable number of flavon insertions, one can write U(2)F -invariant non-
renormalizable operators leading to Yukawa interactions that read (at leading order in "�,�)
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where �f

ij
are dimensionless coe�cients (stemming from products of the fundamental couplings

of the UV-complete theory) that are assumed to be O(1), such that, after inserting the flavon
VEVs, the Yukawa hierarchies emerge solely from powers of the small parameters "� and "�

defined in Eq. (1). In terms of such parameters, the resulting Yukawa matrices are
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As customary, these matrices can be diagonalized by bi-unitary transformations corre-
sponding to fermion field rotations in the flavor space:

Y
f = V

f

L
Ŷ

f
V

f †
R

, f = u, d, e , (6)

where Ŷ
f are diagonal Yukawa matrices, and V

f

L
and V

f

R
are unitary matrices corresponding

to rotations of LH and RH fields, respectively. With these conventions, the CKM matrix

2
Examples of possible UV completions, comprising heavy scalar and/or vectorlike fermion fields, can be

systematically built along the lines of Refs. [26, 27].
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Example: down-quark Yukawas

where we defined two expansion parameters "� ⇡ "� ⌧ 1 and ⇤ is a cut-o↵ scale associated
with the UV completion of the theory.2
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renormalizable operators leading to Yukawa interactions that read (at leading order in "�,�)
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are dimensionless coe�cients (stemming from products of the fundamental couplings

of the UV-complete theory) that are assumed to be O(1), such that, after inserting the flavon
VEVs, the Yukawa hierarchies emerge solely from powers of the small parameters "� and "�
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As customary, these matrices can be diagonalized by bi-unitary transformations corre-
sponding to fermion field rotations in the flavor space:

Y
f = V

f
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Ŷ
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V

f †
R

, f = u, d, e , (6)

where Ŷ
f are diagonal Yukawa matrices, and V
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L
and V

f

R
are unitary matrices corresponding

to rotations of LH and RH fields, respectively. With these conventions, the CKM matrix
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Examples of possible UV completions, comprising heavy scalar and/or vectorlike fermion fields, can be

systematically built along the lines of Refs. [26, 27].
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Lyuk = QTYuUH + · · · ) the result

Yu ⇡

0

@
�u

11"
2
�
"4� �u

12"
2
� �u

13"�"
2
�

��u

12"
2
� �u

22"
2
�

�u

23"�
�u

31"�"
2
� �u

32"� �u

33

1

A , Yd ⇡

0

@
�d

11"
2
�
"4� �d

12"
2
� �d

13"�"
3
�

��d

12"
2
� �d

22"
2
�

�d

23"�"�
�d

31"�"
2
� �d

32"� �d

33"�

1

A , (2.4)

Ye ⇡

0

@
�e

11"
2
�
"4� �e

12"
2
� �e

13"�"
2
�

��e

12"
2
� �e

22"
2
�

�e

23"�
�e

31"�"
3
� �e

32"�"� �e

33"�

1

A ,

where �f

ij
are (in general complex) O(1) coe�cients and we have kept only the leading con-

tributions in "�,�. Note that, in contrast to the supersymmetric U(2) model in Ref. [6], there
are no holomorphy constraints, which leads to a more general Yukawa pattern.

One can show that the �11,�13,�31 entries give only subleading corrections to quark masses
and mixings, which are relatively suppressed by at least "2

�
. Thus, e↵ectively, three texture

zeros appear in the Yukawa matrix, much as in the supersymmetric models [6], and to good
approximation we obtain the Yukawa couplings
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Because of the hierarchical structure and the presence of the texture zeros, it is possible
to analytically derive some approximate results for the singular values and the rotations
to the mass basis [7]. One can also perturbatively diagonalize the Yukawa matrices, and
obtain the following estimates for singular values and CKM matrix elements (neglecting O(1)
coe�cients):
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2
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2
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yt ⇠ 1 , yb ⇠ y⌧ ⇠

q
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2
�
. (2.6)

These expressions can be compared to the (1�) ranges for fermion mass ratios and CKM
elements, taken for definiteness at 10 TeV

mu
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⇡ �(7.1÷7.7) ,
md

mb

⇡ �(4.2÷4.4) ,
me

m⌧

⇡ �5.1 , Vub ⇡ �3
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⇡ �3.5 ,
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⇡ �(2.4÷2.5) ,
mµ

m⌧

⇡ �1.8 , Vcb ⇡ �2 , (2.7)

where � = 0.2 ⇡ Vus and yb(10TeV) ⇡ �2.7, y⌧ (10TeV) ⇡ �2.8. Within roughly a factor �,
all hierarchies can be reproduced taking

"� ⇠ Vcb ⇠ �2 , "� ⇠ �2÷3 , (2.8)

4

approximate texture zeroes (fewer parameters to fit than in U(1) models)

reads VCKM = V
uT

L
V

d ⇤
L

. From Eq. (5), we see that the LH 1-2 rotations are O("2�/"
2

�
) both

in the up and down sector. Barring the e↵ect of the O(1) coe�cients, the observed Cabibbo
angle thus requires "�/"� ⇡ 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 {�u,d,e

ij
, "�, "�}, as thoroughly discussed in [32,33].

Part of the calculation can be performed analytically, by perturbatively diagonalizing
the Yukawa matrices Y

f [32]. 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 [36] and numerically compute the singular value decomposition (SVD) of the

matrices in Eq. (5), in order to obtain the field rotations V
f

L
and V

f

R
. For illustration, we

show here the approximate form of such matrices:
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where v ' 246GeV is the SM Higgs VEV. As mentioned above, the structure of the neutrino
mass matrix m⌫ is obtained under the assumption that neutrinos are Majorana particles with
masses arising from the Weinberg operator [38] suppressed by the UV lepton number breaking
scale ⇤L.
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The flavon VEVs displayed in Eq. (1) completely break the flavor symmetry implying the
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where v ' 246GeV is the SM Higgs VEV. As mentioned above, the structure of the neutrino
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U(2) Nambu-Goldstone bosons
U(2)F . These become apparent when both scalar fields are decomposed in terms of their
angular and radial components:
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where �i (i = 1, 2, 3) are the Pauli matrices, and e⇡i, ea represent the four Nambu-Goldstone
modes. The radial modes ' and ⇢ naturally acquire masses of the order of the flavor symmetry
breaking scale v� ⇠ v�, and their interactions with SM fermions are suppressed by factors
⇠ mf/v�,�. Hence, we will ignore their e↵ects in the following.

Being associated with diagonal generators, the fields ea and e⇡3 mix, reflecting the fact that
the U(1)F subgroup is broken by both h�i and h�i, hence its associated Nambu-Goldstone
mode is a linear combination of the phases of both flavons [33]. Explicitly, we will work within
the following physical basis:

⇡
0
1 = e⇡1 ⇡

0
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where we denoted as ⇡
0
i
and a the Nambu-Goldstone bosons associated, respectively, with

SU(2)F and U(1)F . This latter symmetry has a color anomaly, as is apparent from the quark
charges shown in Table 1, hence the field a plays the role of the QCD axion [33] and, in the
following, we will refer to it as axiflavon [15]. On the other hand, SU(2)F 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.

2.2 Axiflavon

As a consequence of the electromagnetic and color anomalies of U(1)F , 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
a(x)-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:
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where, in our case, the anomaly coe�cients are E = 10, N = 9/2, as follows from the charge
assignments in Table 1. In order to match the standard normalization of the interactions in
Eq. (12), the axion decay constant is defined as [33]
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where we used the values of the expansion parameters shown in Eq. (8).
The dimensionless coe�cients that control the vector and axial axiflavon-fermion interac-

tions in Eq. (12) can be expressed in terms of fermion charges and rotations as [33]
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SU(2)F and U(1)F . This latter symmetry has a color anomaly, as is apparent from the quark
charges shown in Table 1, hence the field a plays the role of the QCD axion [33] and, in the
following, we will refer to it as axiflavon [15]. On the other hand, SU(2)F 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.
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As we can see, the axiflavon has flavor-violating interactions, but the 1-2 transitions are
protected by the U(2)F structure, so that they only arise from mixing with the third genera-
tion and are thus suppressed compared to the Abelian axiflavon discussed in [15]. Hence, in
contrast to the latter case, astrophysical observables currently set more stringent constraints
on fa than flavor processes for the U(2)F axiflavon, at the fa & 108 GeV level [33]— see
Section 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 [39]:
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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 [40–42]. If the U(1)F breaking occurs before inflation, the resulting relic density
reads
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where ✓ denotes the initial misalignment angle. This implies that the misalignment mechanism
can account for the observed DM relic density—⌦DMh

2
' 0.12 [43]— for naturally large

values of the misalignment angle, ✓ ⇡ 0.1 � 1, if the flavor symmetry is broken at a scale
v� ⇡ 1012 � 1014 GeV.

3 SU(2)F gauge bosons

As mentioned above, one can consider the possibility that U(1)F is global while SU(2)F is
a gauge symmetry, as the latter (unlike U(1)F ) is anomaly free.3 In this scenario, the three
Nambu-Goldstone bosons e⇡i introduced in Section 2.1 become the longitudinal components
of the SU(2)F gauge boson triplet that we label W 0. The relevant part of the Lagrangian for
the local case is given by:
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3
Witten anomaly is also absent if the number of SU(2) doublets is even [44]. Hence, in our case, the

introduction of the RH neutrino doublet Na is su�cient to consistently gauge SU(2)F .
4
For simplicity, we assume that scalar potential terms inducing mixing with the Higgs doublet are negligible.
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where �i (i = 1, 2, 3) are the Pauli matrices, and e⇡i, ea represent the four Nambu-Goldstone
modes. The radial modes ' and ⇢ naturally acquire masses of the order of the flavor symmetry
breaking scale v� ⇠ v�, and their interactions with SM fermions are suppressed by factors
⇠ mf/v�,�. Hence, we will ignore their e↵ects in the following.

Being associated with diagonal generators, the fields ea and e⇡3 mix, reflecting the fact that
the U(1)F subgroup is broken by both h�i and h�i, hence its associated Nambu-Goldstone
mode is a linear combination of the phases of both flavons [33]. Explicitly, we will work within
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SU(2)F and U(1)F . This latter symmetry has a color anomaly, as is apparent from the quark
charges shown in Table 1, hence the field a plays the role of the QCD axion [33] and, in the
following, we will refer to it as axiflavon [15]. On the other hand, SU(2)F 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.

2.2 Axiflavon

As a consequence of the electromagnetic and color anomalies of U(1)F , 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
a(x)-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:
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where, in our case, the anomaly coe�cients are E = 10, N = 9/2, as follows from the charge
assignments in Table 1. In order to match the standard normalization of the interactions in
Eq. (12), the axion decay constant is defined as [33]
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where we used the values of the expansion parameters shown in Eq. (8).
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As we can see, the axiflavon has flavor-violating interactions, but the 1-2 transitions are
protected by the U(2)F structure, so that they only arise from mixing with the third genera-
tion and are thus suppressed compared to the Abelian axiflavon discussed in [15]. Hence, in
contrast to the latter case, astrophysical observables currently set more stringent constraints
on fa than flavor processes for the U(2)F axiflavon, at the fa & 108 GeV level [33]— see
Section 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 [39]:
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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 [40–42]. If the U(1)F breaking occurs before inflation, the resulting relic density
reads
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where ✓ denotes the initial misalignment angle. This implies that the misalignment mechanism
can account for the observed DM relic density—⌦DMh

2
' 0.12 [43]— for naturally large

values of the misalignment angle, ✓ ⇡ 0.1 � 1, if the flavor symmetry is broken at a scale
v� ⇡ 1012 � 1014 GeV.

3 SU(2)F gauge bosons

As mentioned above, one can consider the possibility that U(1)F is global while SU(2)F is
a gauge symmetry, as the latter (unlike U(1)F ) is anomaly free.3 In this scenario, the three
Nambu-Goldstone bosons e⇡i introduced in Section 2.1 become the longitudinal components
of the SU(2)F gauge boson triplet that we label W 0. The relevant part of the Lagrangian for
the local case is given by:
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3
Witten anomaly is also absent if the number of SU(2) doublets is even [44]. Hence, in our case, the

introduction of the RH neutrino doublet Na is su�cient to consistently gauge SU(2)F .
4
For simplicity, we assume that scalar potential terms inducing mixing with the Higgs doublet are negligible.
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Since the energy loss rate scales as v�2

�
, the bound should be rescaled by a factor

p
R(mX , T ).

Due to Boltzmann suppression, cooling bounds rapidly weaken for mX & 2T , where TRG ⇡

8.6 keV, TWD ⇡ 0.8 keV, TNS ⇡ 30MeV. As a result, WD and RG constraints become
ine↵ective for mX > 10 � 100 keV, and we neglect them in this regime, focusing instead on
SN1987A bounds.

D Axiflavon phenomenology

Flavor and astrophysical bounds based on the axiflavon interactions presented in Section 2.2
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 formulae that can be found in the literature on flavor-violating ALPs,
e.g. [36, 53], together with the axiflavon couplings given in Section 2.2, we obtain:

fa & 1.3⇥ 107GeV (µ ! ea) , fa & 6.0⇥ 104GeV (⌧ ! µa) , (69)

fa & 2.0⇥ 107GeV (K ! ⇡a) , fa & 1.0⇥ 106GeV (B ! Ka) , (70)

where the relation between the axion decay constant and the U(2)F breaking scale is fa '

0.17 ⇥ v�, see Eq. (13). These limits are consistent with those calculated in [33] considering
that we employ a di↵erent fit to the O(1) coe�cients and a di↵erent U(1)F charge assignment
in the lepton sector (both from [36]). As, we can see, K ! ⇡a and µ ! ⇡a give the most
stringent constraints that, however, are orders of magnitude weaker than similar limits that
we obtained for the light SU(2)F bosons. This is a consequence of the U(2)F 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⇥ 108GeV (SN1987A) , fa & 3.5⇥ 108GeV (WD) . (71)

As discussed in Section 2.2, axiflavon production through the misalignment mechanism
provides the correct DM abundance for v� ⇡ 1012�1014GeV (fa ⇡ 1011�1013GeV). This pa-
rameter space favored by DM can be probed by running and upcoming haloscope experiments,
see e.g. [5, 89]. The relevant parameter for these searches is the axion-photon coupling [39]:

ga�� =
1

fa

↵em

2⇡
(E/N � 1.92) , (72)

where the anomaly coe�cients are E = 10, N = 9/2 in the setup we consider here, E = 12,
N = 9/2 in the SU(5)-compatible charge assignment originally considered in [33].
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Strongest limits on the  axiflavon come  
from astrophysics (supernova explosions, white dwarf cooling)
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U(2)F . These become apparent when both scalar fields are decomposed in terms of their
angular and radial components:

�(x) =
e
i e⇡i(x)�i/v�

p
2

✓
v� + '(x)

0

◆
, �(x) =

1
p
2
(v� + ⇢ (x)) eiea(x)/v� , (10)

where �i (i = 1, 2, 3) are the Pauli matrices, and e⇡i, ea represent the four Nambu-Goldstone
modes. The radial modes ' and ⇢ naturally acquire masses of the order of the flavor symmetry
breaking scale v� ⇠ v�, and their interactions with SM fermions are suppressed by factors
⇠ mf/v�,�. Hence, we will ignore their e↵ects in the following.

Being associated with diagonal generators, the fields ea and e⇡3 mix, reflecting the fact that
the U(1)F subgroup is broken by both h�i and h�i, hence its associated Nambu-Goldstone
mode is a linear combination of the phases of both flavons [33]. Explicitly, we will work within
the following physical basis:
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where we denoted as ⇡
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and a the Nambu-Goldstone bosons associated, respectively, with

SU(2)F and U(1)F . This latter symmetry has a color anomaly, as is apparent from the quark
charges shown in Table 1, hence the field a plays the role of the QCD axion [33] and, in the
following, we will refer to it as axiflavon [15]. On the other hand, SU(2)F 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.

2.2 Axiflavon

As a consequence of the electromagnetic and color anomalies of U(1)F , 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
a(x)-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:
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where, in our case, the anomaly coe�cients are E = 10, N = 9/2, as follows from the charge
assignments in Table 1. In order to match the standard normalization of the interactions in
Eq. (12), the axion decay constant is defined as [33]
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where we used the values of the expansion parameters shown in Eq. (8).
The dimensionless coe�cients that control the vector and axial axiflavon-fermion interac-

tions in Eq. (12) can be expressed in terms of fermion charges and rotations as [33]
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modes. The radial modes ' and ⇢ naturally acquire masses of the order of the flavor symmetry
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SU(2)F and U(1)F . This latter symmetry has a color anomaly, as is apparent from the quark
charges shown in Table 1, hence the field a plays the role of the QCD axion [33] and, in the
following, we will refer to it as axiflavon [15]. On the other hand, SU(2)F 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.

2.2 Axiflavon

As a consequence of the electromagnetic and color anomalies of U(1)F , 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
a(x)-dependent redefinitions of the fermion fields, such interactions—as well as the axiflavon
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where, in our case, the anomaly coe�cients are E = 10, N = 9/2, as follows from the charge
assignments in Table 1. In order to match the standard normalization of the interactions in
Eq. (12), the axion decay constant is defined as [33]
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Four Nambu-Goldstone bosons:

Those associated with diagonal generators mix  
(  broken by both  and )U(1)F ⊂ U(2)F ⟨ϕ⟩ ⟨χ⟩

What about the other three bosons? 

 is anomaly free, so we can consider two cases:SU(2)F

(i) Local   gauge boson triplet, 


(ii) Global   PNGB triplet,  

SU(2)F ⇒ W′￼

SU(2)F ⇒ π′￼
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where gF is the SU(2)F gauge coupling.
The SM fermions belonging to the SU(2)F doublets in Table 1 directly couple to the W

0

bosons through the covariant derivative in the respective kinetic terms. The third-generation
quarks and leptons have no coupling with W

0 in the interaction basis, as they are singlets.
However, third-generation mass eigenstates still acquire such couplings through the rotations
shown in Eq. (7). In the interaction basis, the couplings between SU(2)F gauge bosons and
SM fermions can be written as:
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where ↵,� = 1, 2, 3 are flavor indices and the matrices Ci read
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These matrices are in the form of expanded Pauli matrices, reflecting the SU(2)F symmetry
structure. Note that C

1 and C
2 have non-vanishing 12 and 21 entries, implying maximal

(unsuppressed) flavor violation between first and second generation fermions. After perform-
ing fermion field rotations defined in Eq. (6), we obtain the coupling coe�cients in the mass

basis, Cf i
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We can then write the W
0 interactions with vector and axial currents:
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As we have seen, flavor-violating W
0 couplings arise naturally from the structure of the

SU(2)F symmetry and exhibit peculiar hierarchical patterns due to the rotation matrices of
the fermion fields. As a result, the W

0 gauge bosons mediate flavor-changing neutral current
(FCNC) processes and lepton-flavor-violating (LFV) decays, such as K

0
� K0 oscillations,

µ ! eee etc. If the W
0 triplet is su�ciently light, exotic meson decays, including K ! ⇡W

0

and B ! KW
0, and leptonic decays, such as µ ! eW

0, 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 Section 5.

In order to assess whether the W
0 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
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where [fL/R] denotes the U(1)F charge of the corresponding LH or RH fermion and
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As we can see, the axiflavon has flavor-violating interactions, but the 1-2 transitions are
protected by the U(2)F structure, so that they only arise from mixing with the third genera-
tion and are thus suppressed compared to the Abelian axiflavon discussed in [15]. Hence, in
contrast to the latter case, astrophysical observables currently set more stringent constraints
on fa than flavor processes for the U(2)F axiflavon, at the fa & 108 GeV level [33]— see
Section 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 [39]:
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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 [40–42]. If the U(1)F breaking occurs before inflation, the resulting relic density
reads
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where ✓ denotes the initial misalignment angle. This implies that the misalignment mechanism
can account for the observed DM relic density—⌦DMh

2
' 0.12 [43]— for naturally large

values of the misalignment angle, ✓ ⇡ 0.1 � 1, if the flavor symmetry is broken at a scale
v� ⇡ 1012 � 1014 GeV.

3 SU(2)F gauge bosons

As mentioned above, one can consider the possibility that U(1)F is global while SU(2)F is
a gauge symmetry, as the latter (unlike U(1)F ) is anomaly free.3 In this scenario, the three
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3
Witten anomaly is also absent if the number of SU(2) doublets is even [44]. Hence, in our case, the

introduction of the RH neutrino doublet Na is su�cient to consistently gauge SU(2)F .
4
For simplicity, we assume that scalar potential terms inducing mixing with the Higgs doublet are negligible.
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 mass and couplings controlled by the  gauge coupling  :W′￼ SU(2)F gF

where gF is the SU(2)F gauge coupling.
The SM fermions belonging to the SU(2)F doublets in Table 1 directly couple to the W
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bosons through the covariant derivative in the respective kinetic terms. The third-generation
quarks and leptons have no coupling with W

0 in the interaction basis, as they are singlets.
However, third-generation mass eigenstates still acquire such couplings through the rotations
shown in Eq. (7). In the interaction basis, the couplings between SU(2)F gauge bosons and
SM fermions can be written as:
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These matrices are in the form of expanded Pauli matrices, reflecting the SU(2)F symmetry
structure. Note that C

1 and C
2 have non-vanishing 12 and 21 entries, implying maximal

(unsuppressed) flavor violation between first and second generation fermions. After perform-
ing fermion field rotations defined in Eq. (6), we obtain the coupling coe�cients in the mass
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We can then write the W
0 interactions with vector and axial currents:
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As we have seen, flavor-violating W
0 couplings arise naturally from the structure of the

SU(2)F symmetry and exhibit peculiar hierarchical patterns due to the rotation matrices of
the fermion fields. As a result, the W

0 gauge bosons mediate flavor-changing neutral current
(FCNC) processes and lepton-flavor-violating (LFV) decays, such as K

0
� K0 oscillations,

µ ! eee etc. If the W
0 triplet is su�ciently light, exotic meson decays, including K ! ⇡W

0

and B ! KW
0, and leptonic decays, such as µ ! eW

0, 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 Section 5.

In order to assess whether the W
0 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

9

Because of the  structure, maximal flavour-violation in the 1-2 sector:SU(2)F

Rotations to the mass basis induce couplings to 3rd family too, e.g. for LH down quarks: 
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We can then write the W
0 interactions with vector and axial currents:
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As we have seen, flavor-violating W
0 couplings arise naturally from the structure of the

SU(2)F symmetry and exhibit peculiar hierarchical patterns due to the rotation matrices of
the fermion fields. As a result, the W

0 gauge bosons mediate flavor-changing neutral current
(FCNC) processes and lepton-flavor-violating (LFV) decays, such as K

0
� K0 oscillations,

µ ! eee etc. If the W
0 triplet is su�ciently light, exotic meson decays, including K ! ⇡W

0

and B ! KW
0, and leptonic decays, such as µ ! eW

0, 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 Section 5.

In order to assess whether the W
0 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
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We can then write the W
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As we have seen, flavor-violating W
0 couplings arise naturally from the structure of the

SU(2)F symmetry and exhibit peculiar hierarchical patterns due to the rotation matrices of
the fermion fields. As a result, the W

0 gauge bosons mediate flavor-changing neutral current
(FCNC) processes and lepton-flavor-violating (LFV) decays, such as K

0
� K0 oscillations,

µ ! eee etc. If the W
0 triplet is su�ciently light, exotic meson decays, including K ! ⇡W

0

and B ! KW
0, and leptonic decays, such as µ ! eW

0, 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 Section 5.

In order to assess whether the W
0 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
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Heavy  best constrained by  mixing:W′￼ K − K̄

Light  can be produced in meson/lepton decays:W′￼

that enable us to confront our model’s predictions with existing experimental bounds on
processes with both visible and invisible final states—bounds that are respectively denoted
as BR(P ! P

0 + inv)exp and BR(P ! P
0
``

(0))exp. The experimental limits we use in our
phenomenological study are presented in Appendix B.

5.2 Flavor violation mediated by heavy SU(2)F bosons

U(2)F bosons that are heavy enough for the above decays to be kinematically forbidden
can still mediate processes like those in Eq. (43) o↵-shell. In addition, their flavor-violating
interactions contribute to meson oscillations at the tree level with K

0
�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 ! M2 `↵`� from the underlying quark transi-
tion qa ! qb (with q = u or d). Heavy W
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grated out resulting in e↵ective dimension-six interactions with coe�cients ⇠ g
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2 is the invariant mass squared of the

dilepton pair, and f
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denotes the hadronic form factors also appearing in Eq. (34) and (35).
Expressions with full dependence on the final state masses and valid also for a light mediator
can be found in [18].

Similarly, integrating out the W
0 triplet, we can obtain the Wilson coe�cients (WCs) for

the dimension-six �S = 2 operators inducing neutral kaon oscillations:
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where X,Y = L,R and the LH and RH couplings can be calculated as illustrated in Section 3.
In the numerical analysis, we also consider the light mediator case adapting the results of [18],
which, however, leads to negligible constraints compared to the processes discussed above in
Section 5.1. Again, the WCs of the above operators are suppressed by a factor 1/v2

�
, hence

constraints fromK
0
�K0 mixing set a lower limit on the SU(2)F symmetry breaking scale. By

comparing the above prediction with limits on the real part of the WCs from the measured
kaon mass splitting �mK that are reported in the literature [59], we find that the most
stringent constraint arises from the W

0 contribution to (sL�µdL)(sR�µdR) and numerically
results

�mK : v� & 5.4⇥ 106GeV (local case) . (48)
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Figure 1: Local SU(2)F case. Regions of the (mW 0 , gF ) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the W

0 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.

5.3 Numerical results and discussion

We can now summarize and illustrate our results, starting from the the local SU(2)F scenario.
In Figure 1, we display constraints set by flavor processes involving a gauge boson triplet W 0

as limits on the gauge coupling gF as function of the W
0 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 (mW 0 , gF ) 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 W 0 triplet set the most stringent constraints, as expected from the discussion in
Section 5.1. The recent NA62 search [17] for K ! ⇡Xinv (with Xinv denoting a light unde-
tected boson) is more sensitive for tiny values of gF , for which W

0 is long-lived, excluding
the region within the blue contour in the left plot. Similarly, in the lepton sector, current
limits on µ ! eXinv [63] provide the most stringent constraint (blue contour in the right
plot) for the small mW 0 and small gF regime. In particular, the K ! ⇡Xinv limit trans-
lates into the strongest bound on the SU(2)F breaking scale v� = 2mW 0/gF for a light W

0,
v� & 6⇥1011 GeV, demonstrating once again the exceptional sensitivity of searches for exotic
kaon decays to flavor-violating light new physics— see [15,18,53] for other examples.

Searches for light invisible particles lose sensitivity if gF increases — that is, the W
0 life-

time decreases—but, as Figure 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 ! ⇡ eµ/ee (left panel, yellow line)
and µ ! eee (right panel, purple line).

For increasing values of the W
0 mass, kaon and muon decays into W

0 become kinemat-
ically forbidden, such that the latter processes give rise to much weaker constraints on the
coupling gF , as decay widths mediated by an o↵-shell W 0 scale as g

4

F
instead of g2

F
. In this
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Figure 1: Local SU(2)F case. Regions of the (mW 0 , gF ) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the W

0 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.

5.3 Numerical results and discussion

We can now summarize and illustrate our results, starting from the the local SU(2)F scenario.
In Figure 1, we display constraints set by flavor processes involving a gauge boson triplet W 0

as limits on the gauge coupling gF as function of the W
0 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 (mW 0 , gF ) 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 W 0 triplet set the most stringent constraints, as expected from the discussion in
Section 5.1. The recent NA62 search [17] for K ! ⇡Xinv (with Xinv denoting a light unde-
tected boson) is more sensitive for tiny values of gF , for which W

0 is long-lived, excluding
the region within the blue contour in the left plot. Similarly, in the lepton sector, current
limits on µ ! eXinv [63] provide the most stringent constraint (blue contour in the right
plot) for the small mW 0 and small gF regime. In particular, the K ! ⇡Xinv limit trans-
lates into the strongest bound on the SU(2)F breaking scale v� = 2mW 0/gF for a light W
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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 ! ⇡ eµ/ee (left panel, yellow line)
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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 mW 0 ⌧ mP , m⇡0 ⌧ 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 cru-
cial 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
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where L represents the detector size (e.g. L ⇡ 1m typical LFV experiments [15,57], L ⇡ 100m
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where m
P (0) are the masses of the SM particles involved in the production process P ! P

0
X.

In the following, we focus on the leptonic decays X ! ``
(0). `, `

0 = e, µ, which are the
main allowed channels in the regime mX . 1GeV 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 su�ciently 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.

Consequently, di↵erent types of experimental constraints arise from semi-invisible two-
body processes such as
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Light  bounds depend on the probability of decaying outside/inside the detector:W′￼
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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 ! e
i(e⇡1�1+e⇡2�2+e⇡0

3(x)�3)ab/v�e
�iea/v�Qb (a, b = 1, 2), (29)

(with e⇡3(x) /v� = e⇡0
3
(x) /v� + ea(x) /v�) 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:
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f i

A↵�
�5

⌘
f�

i
, (30)

where the coupling matrices Ĉf 1,2
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Eq. (25), while the couplings of ⇡0
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In terms of the above couplings, the widths of the kinematically allowed ⇡
0
i
decays read
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(32)

where N
f
c is the color factor and z± = 1 � (mf↵

±mf�
)2/m2

⇡0 . For heavy PNGBs, the total
decay width is thus given by:
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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. Similarly to
the W 0 case discussed in the previous section, we use this perturbative expression to estimate
the order of magnitude of the ⇡0 lifetime also for values of m⇡0 for which hadronization e↵ects
should be taken into account, expecting this simplifying assumption to be source of inaccuracy
only within the limited regime 0.1GeV . m⇡0 . 1GeV.

5 Phenomenological implications of the new flavored bosons

We now discuss the most relevant constraints from low-energy FCNC and LFV processes on
the considered U(2)F flavor model. To summarize, in the global SU(2)F symmetry case,
the theory features four PNGBs, a (the axiflavon) and ⇡

0
i
(i = 1, 2, 3), whereas in the local

symmetry case, the new bosons are the gauge bosonsW 0
i
(i = 1, 2, 3) and again the axiflavon a.

When discussing general e↵ects, we refer to these fields collectively as X.
In both scenarios, flavor-violating couplings of the U(2)F bosons with SM fermions are

naturally induced by the structure of the symmetry. In particular, SU(2)F ⇢ U(2)F leads to
unsuppressed flavor violation involving the first two fermion generations. In addition, flavor-
violating processes have a mild dependence on the O(1) coe�cients of the model and, in the
case of those mediated or involving the axiflavon, the U(1)F charges of the SM fermions.
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f 3

L

2
, (31)

where sin ✓ ⌘ v�/

q
v
2

�
+ v2� ' 0.32.

In terms of the above couplings, the widths of the kinematically allowed ⇡
0
i
decays read

�(⇡0
i ! f↵f̄�) =

N
f
c m⇡0

8⇡

"✓
mf↵

�mf�

v�

◆
2

|Ĉ
f i

V ↵�
|
2
z+ +

✓
mf↵

+mf�

v�

◆
2

|Ĉ
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Eq. (25), when kinematically allowed, the widths for the W
0 decays into fermions read:

�(W 0
i ! f↵f�) =

N
f
c g

2

F
mW 0

12⇡

s✓
1�

(mf↵
+mf�

)2

m
2

W 0

◆✓
1�

(mf↵
�mf�

)2

m
2

W 0

◆
⇥

" 
1�

m
2

f↵
+m

2

f�

2m2

W 0

!⇣
|C

f i

V ↵�
|
2 + |C

f i

A↵�
|
2

⌘
+ 3

mf↵
mf�

m
2

W 0

⇣
|C

f i

V ↵�
|
2
� |C

f i

A↵�
|
2

⌘#
, (26)

where N
f
c is the color factor of the fermion f . For heavy W

0, the total decay width is then
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It is understood that contributions below the kinematic threshold have to be eliminated.
This expression is valid only for mW 0 � ⇤QCD. Nevertheless, for simplicity, we are going
to employ it also to estimate the lifetime of a lighter W

0, hence neglecting hadronization
e↵ects.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 e↵ects we are
neglecting become particularly relevant for mW 0 . ⇤QCD ⇡ 1GeV. On the other hand, as
we will see, light gauge bosons—especially below the threshold of W

0
! µe, that is, for

mW 0 . mµ—are always long-lived enough to escape detection in a typical particle physics
experiment detector, hence the precise value of their lifetime does not a↵ect our analysis.
In other words, our simplifying assumption is a source of inaccuracy only within the limited
regime 0.1GeV . mW 0 . 1GeV.

4 SU(2)F pseudo Nambu-Goldstone bosons

We now introduce the second case of a global SU(2)F featuring, besides the axiflavon, the
three additional Nambu-Goldstone bosons ⇡0

i
defined in Eqs. (10) and (11). In the following,

we assume them to be massive PNGBs due to small explicit SU(2)F breaking. Specifically,
we introduce an explicit soft symmetry-breaking term in the scalar potential:

�V = m
2

⇡0(�†
�3�) , (28)

where �3 denotes the third Pauli matrix. Substituting Eq. (10) into this expression, mass
terms for the SU(2)F PNGBs arise such that m⇡

0
1
= m⇡

0
2
= m⇡0 , m⇡

0
3
= m⇡0/ sin ✓ where we

have taken into account the mixing (sin ✓ ⌘ v�/

q
v
2

�
+ v2�) with U(1)F PNGB as in Eq. (11).

We can also assume this breaking term to arise from Planck-suppressed operators of the form

(�†
�
3
�)(�†

�)n with n > 1, such that m
2

⇡0 ⇠ (v�)2n/M
2(n�1)

Pl
, where MPl ' 1.22 ⇥ 1019 GeV

denotes the Planck scale. This assumption is consistent with the commonly accepted notion
that quantum gravity e↵ects break any global symmetry—cf. [46] for a recent review. In
either case, we treat m⇡0 as a free parameter throughout the rest of the paper.

By substituting the full form of the flavon �, written as in Eq. (10), into the e↵ective
Yukawa Lagrangian, Eqs. (2)-(4), one can obtain the interactions between the PNGBs and the

5
In addition, decays of massive vectors into three photons or gluons are induced by fermion loops at highly

suppressed rates— see e.g. [45]— such that they can be safely neglected in the kinematic regime we consider

in the following, where at least W 0
i ! e+e� is always kinematically allowed.
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(e.g. from Planck suppressed ops                               )

Eq. (25), when kinematically allowed, the widths for the W
0 decays into fermions read:

�(W 0
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mW 0
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(mf↵
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(mf↵
�mf�
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⇥
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2 + |C

f i

A↵�
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mf�
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W 0

⇣
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V ↵�
|
2
� |C

f i

A↵�
|
2

⌘#
, (26)

where N
f
c is the color factor of the fermion f . For heavy W

0, the total decay width is then
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0
i
=
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⇥
�(W 0

i ! u↵u�) + �(W 0
i ! d↵d�) + �(W 0

i ! `↵`�) + �(W 0
i ! ⌫↵⌫�)

⇤
. (27)
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we will see, light gauge bosons—especially below the threshold of W

0
! µe, that is, for

mW 0 . mµ—are always long-lived enough to escape detection in a typical particle physics
experiment detector, hence the precise value of their lifetime does not a↵ect our analysis.
In other words, our simplifying assumption is a source of inaccuracy only within the limited
regime 0.1GeV . mW 0 . 1GeV.

4 SU(2)F pseudo Nambu-Goldstone bosons

We now introduce the second case of a global SU(2)F featuring, besides the axiflavon, the
three additional Nambu-Goldstone bosons ⇡0

i
defined in Eqs. (10) and (11). In the following,

we assume them to be massive PNGBs due to small explicit SU(2)F breaking. Specifically,
we introduce an explicit soft symmetry-breaking term in the scalar potential:

�V = m
2

⇡0(�†
�3�) , (28)

where �3 denotes the third Pauli matrix. Substituting Eq. (10) into this expression, mass
terms for the SU(2)F PNGBs arise such that m⇡

0
1
= m⇡

0
2
= m⇡0 , m⇡

0
3
= m⇡0/ sin ✓ where we

have taken into account the mixing (sin ✓ ⌘ v�/
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+ v2�) with U(1)F PNGB as in Eq. (11).

We can also assume this breaking term to arise from Planck-suppressed operators of the form
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3
�)(�†

�)n with n > 1, such that m
2

⇡0 ⇠ (v�)2n/M
2(n�1)

Pl
, where MPl ' 1.22 ⇥ 1019 GeV

denotes the Planck scale. This assumption is consistent with the commonly accepted notion
that quantum gravity e↵ects break any global symmetry—cf. [46] for a recent review. In
either case, we treat m⇡0 as a free parameter throughout the rest of the paper.

By substituting the full form of the flavon �, written as in Eq. (10), into the e↵ective
Yukawa Lagrangian, Eqs. (2)-(4), one can obtain the interactions between the PNGBs and the
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In addition, decays of massive vectors into three photons or gluons are induced by fermion loops at highly

suppressed rates— see e.g. [45]— such that they can be safely neglected in the kinematic regime we consider

in the following, where at least W 0
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Standard form of the coupling to fermions arises from the kinetic terms  
after field-dependent transformations, e.g.:

Same flavour-violating matrices as for  !W′￼

Because of the derivative, interaction additionally suppressed by ~  :mf /mπ′￼

combined e↵ect of the tighter experimental constraints and the parametric suppression of
b ! d(s) 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:

(sL�
µ
dL)(sR�µdR) :

X

i

m
2
s

4m2

⇡
0
i

v
2

�

Ĉ
d i

L sd
Ĉ

d i

R sd
. (53)

Applying the bounds from �mK in [59] to this expression, we obtain

�mK : v� & 5.0⇥ 104
✓
10GeV

m⇡0

◆
GeV (global case) . (54)

Moving to LFV processes, integrating out heavy PNGBs, we can write the WCs of four-
lepton operators appearing in Eq. (49):

C
V XY

↵���
'

X

i

m`↵
m`�

m
2

⇡
0
i

v
2

�

Ĉ
e i

X ↵�
Ĉ

e i

Y ��
, (55)

where now X 6= Y and we assumed m`�
� m`�

if � 6= �. As our numerical analysis will
show, the additional suppression factor on the µ ! eee rate, ⇠ (mµme/m

2

⇡0)2, makes this
process less relevant than in the local case and, in fact, less important than the (loop-induced)
radiative decay µ ! e�. The reason is that contributions from µ and ⌧ loops partly overcome
the lepton mass suppression.

Following [56], we can write the contributions of the PNGBs to radiative LFV decays as

BR(`↵ ! `��) '
↵m`↵

2�`↵

⇣
|F↵� |

2 + |G↵� |
2

⌘
, (56)

where, for µ ! e�, retaining only diagrams with µ and ⌧ in the loop

Fµe '
m

2
µ

16⇡2 v
2

�

X

i

Ĉ
e i

AµeĈ
e i

Aµµ g

 
m

2

⇡
0
i

m2
µ

!
+

m
2
⌧

32⇡2 v
2

�

X

i

⇣
Ĉ

e i

Aµ⌧ Ĉ
e i

A ⌧e � Ĉ
e i

V µ⌧ Ĉ
e i

V ⌧e

⌘
eg
 
m

2

⇡
0
i

m2
⌧

!
,

(57)

Gµe '
m

2
µ

16⇡2 v
2

�

X

i

Ĉ
e i

V µeĈ
e i

Aµµ g

 
m

2

⇡
0
i

m2
µ

!
+

m
2
⌧

32⇡2 v
2

�

X

i

⇣
Ĉ

e i

Aµ⌧ Ĉ
e i

V ⌧e � Ĉ
e i

V µ⌧ Ĉ
e i

A ⌧e

⌘
eg
 
m

2

⇡
0
i

m2
⌧

!
,

(58)

where the loop functions g and eg are listed in the Appendix A. Despite the ⇠ (m⌧/mµ)2

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 SU(2)F coupling structure. Similarly,
we can derive expressions for ⌧ ! `� (` = µ, e) adapting the formulae in [56] and taking into
account that, in this case, ⌧ loops are always subdominant because of the large suppression of
the flavor-conserving coupling to the third generation, Ĉe i

A ⌧⌧
. Hence, the resulting constraints

are not competitive with other limits, in particular from µ ! e�:

µ ! e� : v� & 1.4⇥ 105
✓
10GeV

m⇡0

◆
GeV (global case) , (59)

where we used the recent limit BR(µ+
! e

+
�) < 1.5 ⇥ 10�13 (90%CL) set by the MEG II

experiment [62]. This is the strongest flavor bound on the SU(2)F breaking scale for the
global case in the heavy m⇡0 regime.
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combined e↵ect of the tighter experimental constraints and the parametric suppression of
b ! d(s) 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:

(sL�
µ
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d i
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d i

R sd
. (53)

Applying the bounds from �mK in [59] to this expression, we obtain

�mK : v� & 5.0⇥ 104
✓
10GeV

m⇡0

◆
GeV (global case) . (54)

Moving to LFV processes, integrating out heavy PNGBs, we can write the WCs of four-
lepton operators appearing in Eq. (49):
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2
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2
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, (55)

where now X 6= Y and we assumed m`�
� m`�

if � 6= �. As our numerical analysis will
show, the additional suppression factor on the µ ! eee rate, ⇠ (mµme/m

2

⇡0)2, makes this
process less relevant than in the local case and, in fact, less important than the (loop-induced)
radiative decay µ ! e�. The reason is that contributions from µ and ⌧ loops partly overcome
the lepton mass suppression.

Following [56], we can write the contributions of the PNGBs to radiative LFV decays as

BR(`↵ ! `��) '
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2 + |G↵� |
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⌘
, (56)

where, for µ ! e�, retaining only diagrams with µ and ⌧ in the loop
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(58)

where the loop functions g and eg are listed in the Appendix A. Despite the ⇠ (m⌧/mµ)2

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 SU(2)F coupling structure. Similarly,
we can derive expressions for ⌧ ! `� (` = µ, e) adapting the formulae in [56] and taking into
account that, in this case, ⌧ loops are always subdominant because of the large suppression of
the flavor-conserving coupling to the third generation, Ĉe i

A ⌧⌧
. Hence, the resulting constraints

are not competitive with other limits, in particular from µ ! e�:

µ ! e� : v� & 1.4⇥ 105
✓
10GeV

m⇡0

◆
GeV (global case) , (59)

where we used the recent limit BR(µ+
! e

+
�) < 1.5 ⇥ 10�13 (90%CL) set by the MEG II

experiment [62]. This is the strongest flavor bound on the SU(2)F breaking scale for the
global case in the heavy m⇡0 regime.
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combined e↵ect of the tighter experimental constraints and the parametric suppression of
b ! d(s) 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:

(sL�
µ
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Applying the bounds from �mK in [59] to this expression, we obtain

�mK : v� & 5.0⇥ 104
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Moving to LFV processes, integrating out heavy PNGBs, we can write the WCs of four-
lepton operators appearing in Eq. (49):
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where now X 6= Y and we assumed m`�
� m`�

if � 6= �. As our numerical analysis will
show, the additional suppression factor on the µ ! eee rate, ⇠ (mµme/m

2

⇡0)2, makes this
process less relevant than in the local case and, in fact, less important than the (loop-induced)
radiative decay µ ! e�. The reason is that contributions from µ and ⌧ loops partly overcome
the lepton mass suppression.

Following [56], we can write the contributions of the PNGBs to radiative LFV decays as
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e i

V µ⌧ Ĉ
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where the loop functions g and eg are listed in the Appendix A. Despite the ⇠ (m⌧/mµ)2

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 SU(2)F coupling structure. Similarly,
we can derive expressions for ⌧ ! `� (` = µ, e) adapting the formulae in [56] and taking into
account that, in this case, ⌧ loops are always subdominant because of the large suppression of
the flavor-conserving coupling to the third generation, Ĉe i

A ⌧⌧
. Hence, the resulting constraints

are not competitive with other limits, in particular from µ ! e�:

µ ! e� : v� & 1.4⇥ 105
✓
10GeV

m⇡0

◆
GeV (global case) , (59)

where we used the recent limit BR(µ+
! e

+
�) < 1.5 ⇥ 10�13 (90%CL) set by the MEG II

experiment [62]. This is the strongest flavor bound on the SU(2)F breaking scale for the
global case in the heavy m⇡0 regime.
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Heavy PNGBs better constrained by



Light PNGBs behave like light gauge bosons (equivalence theorem for )mX → 0

Figure 2: Global SU(2)F case. Regions of the (m⇡0 , v�) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the ⇡

0 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.

regime, decays of third generation fermions into W
0 provide the most important bounds, as

illustrated in Figure 1. Given the relatively weak experimental sensitivities compared to 1-2
transitions, limits from searches for B and ⌧ decays into invisible bosons (pink lines) are
subdominant because the W

0 lifetime is too short in the relevant mW 0 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 ⌧ ! µµµ / ⌧ ! 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 ⌧ decays [64, 65].

Finally, if the W
0 triplet is even heavier, mW 0 > mB, the only relevant constraints are

provided by the W
0-mediated processes discussed above in Section 5.2,6 the most important

being provided by K
0
� K0 mixing and, again, µ ! eee. The K

0
� K0 bound (green

line) is the strongest in the heavy W
0 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 �mK to 10% level precision [66].

In Figure 2, we present analogous results for the global SU(2)F scenario. In this case,
limits on processes mediated by or involving the ⇡

0 PNGBs are displayed on the (m⇡0 , v�)
plane, so that the regions below or within the colored contours are excluded. The Goldstone
equivalence theorem guarantees that, in the m⇡0 ⌧ mf limit (mf being the mass of the
decaying fermion), the bounds on the flavor symmetry breaking scale from K ! ⇡Xinv

(v� & 6 ⇥ 1011 GeV) and µ ! eXinv (v� & 6 ⇥ 109 GeV) are the same as in the local
case with mW 0 ⌧ mf . Nevertheless, there are also di↵erences between the two scenarios.
In the global case, the decay width �(⇡0

! ff
(0)) scales as ⇠ m⇡0(mf/v�)2, while for the

gauge bosons �(W 0
! ff

(0)) ⇠ gFmW 0 ⇠ mW 0(mW 0/v�)2—see Eqs. (26) and (32). As a
consequence, the PNGBs are substantially more long-lived, which explains why the regions
excluded by K ! ⇡Xinv and µ ! eXinv extend to much larger couplings (lower values of v�)

6
FCNC top decays are not competitive given the weak experimental limits [48] and the relative suppression

of W 0
couplings to third-generation fermions.
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PNGB mass
 breaking 

scale
SU(2)F

where the form factors fK,B

0
are also provided by [49, 50], and the couplings Ĉd i

V ↵�
are given

in Eqs. (30) and (31).
In the leptonic sector, we can adapt the expressions for LFV decays into ALPs [36,54,56]:

BR(`↵ ! `� ⇡
0
i) =

1

16⇡ v
2

�

m
3

`↵

�`↵

⇣
|Ĉ

e i

V ↵�
|
2 + |Ĉ

e i

A↵�
|
2

⌘ 
1�

m
2

⇡
0
i

m
2

`↵

!2

. (39)

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 mW 0 ⌧ mP , m⇡0 ⌧ 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 cru-
cial 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

◆
, (40)

where L represents the detector size (e.g. L ⇡ 1m typical LFV experiments [15,57], L ⇡ 100m
for kaon experiments such as NA62 [58], etc.), and lX is the mean decay length of X in the
laboratory frame that, in natural units, is given by

lX =
pX

mX�X

, pX =

q
�
�
m

2

P
,m

2

P 0 ,m
2

X

�

2mP

, (41)

where m
P (0) are the masses of the SM particles involved in the production process P ! P

0
X.

In the following, we focus on the leptonic decays X ! ``
(0). `, `

0 = e, µ, which are the
main allowed channels in the regime mX . 1GeV 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 su�ciently 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.

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

K ! ⇡Xinv , B ! K(⇡)Xinv , µ ! Xinv , ⌧ ! `Xinv , (42)

or fully visible final states

K ! ⇡X(! ``
(0)) , B ! K(⇡)X(! ``

(0)) , µ ! eX(! ee) , ⌧ ! `X(! ``
(0)) , (43)

where ``
(0) = e

+
e
�
, µ

+
µ
�
, µ

±
e
⌥, depending on the available phase space.

Denoting mesons or leptons by P and P
0 (with mP > mP 0), the experimental constraints

on the above processes can be obtained from the following expressions:

exp

✓
�

L

lX

◆
BR(P ! P

0
X) < BR(P ! P

0 + inv)exp , (44)


1� exp

✓
�

L

lX

◆�
BR(P ! P

0
X) BR(X ! ``

(0)) < BR(P ! P
0
``

(0))exp , (45)
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5.1 Decays into light SU(2)F 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 ! ⇡X, B ! KX, µ ! eX. This situation is
rather natural in the global SU(2)F scenario, X = ⇡

0
i
, because of the PNGB nature of ⇡0

i
,

while, in the local SU(2)F case, X = W
0
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 U(2)F breaking scale, as we will see below, and can provide spectacular
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Gauge bosons. In the local case, adapting the expressions in [18, 47], we obtain for the
branching ratios of the most relevant meson decays into light gauge bosons:
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where �(x, y, z) ⌘ x
2+y

2+z
2
�2(xy+yz+xz), the meson widths are �K ' 5.3⇥10�17GeV

and �B ' 4.0 ⇥ 10�13GeV [48], and the relevant hadronic form factors f
K,B

+
can be found

in [49, 50]. The couplings appearing in these expressions are those to vector quark currents
given in Eq. (25).

Similarly, we can derive the branching ratios of LFV decays such as µ ! eW
0
i
from the

expressions in [18,51,52], obtaining:
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where the mass of the lighter lepton was neglected because m`�
⌧ m`↵

, and the total lepton
widths are �µ ' 3.0⇥ 10�19GeV, �⌧ ' 2.3⇥ 10�12GeV [48].

Given the standard relation among the W
0 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 the U(2)F breaking scale, resulting in 1/(16⇡ v

2

�
).

PNGBs. In the global case, we can use results from the literature on flavour-violating
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Figure 1: Local SU(2)F case. Regions of the (mW 0 , gF ) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the W

0 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.

5.3 Numerical results and discussion

We can now summarize and illustrate our results, starting from the the local SU(2)F scenario.
In Figure 1, we display constraints set by flavor processes involving a gauge boson triplet W 0

as limits on the gauge coupling gF as function of the W
0 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 (mW 0 , gF ) 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 W 0 triplet set the most stringent constraints, as expected from the discussion in
Section 5.1. The recent NA62 search [17] for K ! ⇡Xinv (with Xinv denoting a light unde-
tected boson) is more sensitive for tiny values of gF , for which W

0 is long-lived, excluding
the region within the blue contour in the left plot. Similarly, in the lepton sector, current
limits on µ ! eXinv [63] provide the most stringent constraint (blue contour in the right
plot) for the small mW 0 and small gF regime. In particular, the K ! ⇡Xinv limit trans-
lates into the strongest bound on the SU(2)F breaking scale v� = 2mW 0/gF for a light W

0,
v� & 6⇥1011 GeV, demonstrating once again the exceptional sensitivity of searches for exotic
kaon decays to flavor-violating light new physics— see [15,18,53] for other examples.

Searches for light invisible particles lose sensitivity if gF increases — that is, the W
0 life-

time decreases—but, as Figure 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 ! ⇡ eµ/ee (left panel, yellow line)
and µ ! eee (right panel, purple line).

For increasing values of the W
0 mass, kaon and muon decays into W

0 become kinemat-
ically forbidden, such that the latter processes give rise to much weaker constraints on the
coupling gF , as decay widths mediated by an o↵-shell W 0 scale as g

4

F
instead of g2

F
. In this

17

e.g.

Figure 1: Local SU(2)F case. Regions of the (mW 0 , gF ) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the W

0 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.

5.3 Numerical results and discussion

We can now summarize and illustrate our results, starting from the the local SU(2)F scenario.
In Figure 1, we display constraints set by flavor processes involving a gauge boson triplet W 0

as limits on the gauge coupling gF as function of the W
0 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 (mW 0 , gF ) 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 W 0 triplet set the most stringent constraints, as expected from the discussion in
Section 5.1. The recent NA62 search [17] for K ! ⇡Xinv (with Xinv denoting a light unde-
tected boson) is more sensitive for tiny values of gF , for which W

0 is long-lived, excluding
the region within the blue contour in the left plot. Similarly, in the lepton sector, current
limits on µ ! eXinv [63] provide the most stringent constraint (blue contour in the right
plot) for the small mW 0 and small gF regime. In particular, the K ! ⇡Xinv limit trans-
lates into the strongest bound on the SU(2)F breaking scale v� = 2mW 0/gF for a light W

0,
v� & 6⇥1011 GeV, demonstrating once again the exceptional sensitivity of searches for exotic
kaon decays to flavor-violating light new physics— see [15,18,53] for other examples.

Searches for light invisible particles lose sensitivity if gF increases — that is, the W
0 life-

time decreases—but, as Figure 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 ! ⇡ eµ/ee (left panel, yellow line)
and µ ! eee (right panel, purple line).

For increasing values of the W
0 mass, kaon and muon decays into W

0 become kinemat-
ically forbidden, such that the latter processes give rise to much weaker constraints on the
coupling gF , as decay widths mediated by an o↵-shell W 0 scale as g

4

F
instead of g2

F
. In this

17

<latexit sha1_base64="61CC8nDzXuyx5/5xTCJX+IdUrgk=">AAACA3icbVC7SgNBFJ31GeMraqfNYBAsQtgViWIVtLGMYB6QXcLs5CYZMvtg5m4whICNv2JjoYitP2Hn3zhJttDEAwOHc+7lzjl+LIVG2/62lpZXVtfWMxvZza3tnd3c3n5NR4niUOWRjFTDZxqkCKGKAiU0YgUs8CXU/f7NxK8PQGkRhfc4jMELWDcUHcEZGqmVO3SDxMWIgltotFyEBxyJcDCmbuGqlcvbRXsKukiclORJikor9+W2I54EECKXTOumY8fojZhCwSWMs26iIWa8z7rQNDRkAWhvNM0wpidGadNOpMwLkU7V3xsjFmg9DHwzGTDs6XlvIv7nNRPsXHomVJwghHx2qJNIakJPCqFtoYCjHBrCuBLmr5T3mGIcTW1ZU4IzH3mR1M6KTqlYujvPl6/TOjLkiByTU+KQC1Imt6RCqoSTR/JMXsmb9WS9WO/Wx2x0yUp3DsgfWJ8/ONmXQw==</latexit>

µ ! eXinv :

Figure 2: Global SU(2)F case. Regions of the (m⇡0 , v�) plane excluded by current ex-
perimental limits (cf. Appendix B) on quark sector (left) and lepton sector (right) processes
mediated the ⇡

0 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.

regime, decays of third generation fermions into W
0 provide the most important bounds, as

illustrated in Figure 1. Given the relatively weak experimental sensitivities compared to 1-2
transitions, limits from searches for B and ⌧ decays into invisible bosons (pink lines) are
subdominant because the W

0 lifetime is too short in the relevant mW 0 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 ⌧ ! µµµ / ⌧ ! 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 ⌧ decays [64, 65].

Finally, if the W
0 triplet is even heavier, mW 0 > mB, the only relevant constraints are

provided by the W
0-mediated processes discussed above in Section 5.2,6 the most important

being provided by K
0
� K0 mixing and, again, µ ! eee. The K

0
� K0 bound (green

line) is the strongest in the heavy W
0 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 �mK to 10% level precision [66].

In Figure 2, we present analogous results for the global SU(2)F scenario. In this case,
limits on processes mediated by or involving the ⇡

0 PNGBs are displayed on the (m⇡0 , v�)
plane, so that the regions below or within the colored contours are excluded. The Goldstone
equivalence theorem guarantees that, in the m⇡0 ⌧ mf limit (mf being the mass of the
decaying fermion), the bounds on the flavor symmetry breaking scale from K ! ⇡Xinv

(v� & 6 ⇥ 1011 GeV) and µ ! eXinv (v� & 6 ⇥ 109 GeV) are the same as in the local
case with mW 0 ⌧ mf . Nevertheless, there are also di↵erences between the two scenarios.
In the global case, the decay width �(⇡0

! ff
(0)) scales as ⇠ m⇡0(mf/v�)2, while for the

gauge bosons �(W 0
! ff

(0)) ⇠ gFmW 0 ⇠ mW 0(mW 0/v�)2—see Eqs. (26) and (32). As a
consequence, the PNGBs are substantially more long-lived, which explains why the regions
excluded by K ! ⇡Xinv and µ ! eXinv extend to much larger couplings (lower values of v�)

6
FCNC top decays are not competitive given the weak experimental limits [48] and the relative suppression

of W 0
couplings to third-generation fermions.
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Summary

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

We don’t know the origin of the SM flavour sector (dynamical?)

A wide class of flavour models entails light new physics 
with flavour-violating couplings to SM fermions

Searches for muon/kaon decays into light flavoured particles 
can test flavour-breaking scales up to 1010/1012 GeV

Interesting complementary to tau and B decays, 
astrophysical/cosmological bounds (and gravitational waves)

Huge room for improvement over old limits: next generation 
flavour experiments may discover light new physics
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Relevant flavour processes



Lepton sector

LH charges can chosen to give a (quasi-)anarchical                        .

RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12

• Anarchy 


• Mu-tau anarchy


• Hierarchy


Charged lepton hierarchy, e.g. :


(with                      )

In the above Lagrangian, ⇤N is the lepton number breaking scale, possibly related to the

mass of heavy RH neutrinos. The SM Yukawa matrix and Majorana neutrino masses are

dynamically generated in the following form:

Y
`

ij = a
`

ij ✏
QLi

+Qej

`
, m

⌫

ij = 
⌫

ij

v
2

⇤N

✏
QLi

+QLj

`
, ✏` ⌘

h�i

⇤`

, (2.14)

where the electroweak-breaking vev is defined as hHi = v/
p
2. As before, the elements

of the matrices a
`

ij
and 

⌫

ij
are assumed to be anarchical O(1) coe�cients, related to the

fundamental couplings of the underlying UV-complete theory. It follows that the hierarchy

of lepton masses and mixing is solely due to powers of the ✏` parameter (possibly di↵erent

from the expansion parameter ✏ of the quark sector), hence depending on the charges we

assign to SM leptons.

The above matrices can be diagonalised by means of unitary rotations of the fields:

Y
` = V

`
Ŷ

`
W

`†
, m

⌫ = V
⌫
m̂

⌫
V

⌫T (2.15)

where Ŷ
` and m̂

⌫ are flavour-diagonal matrices, and the rotations to the mass basis have

the following structure controlled by the FN charges:

V
`,⌫

ij
⇠ ✏

���QLi
�QLj

���
`

, W
`

ij ⇠ ✏
|Qei

�Qej
|

`
. (2.16)

As usual, the PMNS matrix depends on the LH rotations as follows:

Upmns = V
⌫
V

` †
. (2.17)

In contrast to the quark sector, where the mixing is described by the strongly hierarchical

CKM matrix, in the lepton sector the large mixing angles can be regarded as random O(1)

numbers. In other words, given the current experimental precision, the observed mixing in

the neutrino sector is compatible with an anarchical PMNS matrix [35]. From Eqs. (2.16)

and (2.17), we see that this pattern can be simply achieved by taking equal charges for the

doublets:

(QL1 , QL2 , QL3) = (QL, QL, QL) [Pure Anarchy] , (2.18)

as is also apparent from the above expression for m
⌫

ij
.3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z
0 of the gauged U(1)F

does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`
ij
. For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏
2
⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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Given the moderate value of the reactor angle, ✓e3 ⇡ 0.1 [36], good fits to the neutrino

oscillation data can also be obtained in presence of mildly hierarchical charges at the price

of rather large values of ✏` ⇡ 0.3� 0.4 [37, 38]:

(QL1 , QL2 , QL3) = (QL + 1, QL, QL) [µ⌧ Anarchy] , (2.20)

(QL1 , QL2 , QL3) = (QL + 2, QL + 1, QL) [Hierarchy] . (2.21)

Again, the observed mass hierarchy of charged leptons can be achieved with a suitable

choice of Qei
. However, note that, in these last two cases, quite large values of the charges

may be needed to obtain the required suppression. Furthermore, in these scenarios the

Z
0 unavoidably couples at least to some LH leptons and in particular to neutrinos, which

makes its phenomenology more dependent on the details of the neutrino sector (including

unknown properties thereof, such as the absolute neutrino mass). For these reasons, we

will consider the anarchical charge assignment in Eqs. (2.18) and (2.19) as our benchmark

scenario for numerical considerations.

2.3 Flavon interactions and decays

Let us write the phase and the radial excitation of the flavon field � as

� =
v� + '
p
2

e
i a/v� , (2.22)

where we defined v� such that h�i ⌘ v�/
p
2. For a local U(1)F , the would-be Nambu-

Goldstone boson a provides the longitudinal component for the FN gauge boson Z
0.4 After

U(1)F breaking, following from the quartic self-coupling V (�) �
��

4 |�|
4, the radial mode

' (which we name “flavon”, after the field � itself) acquires a mass

m
2
' =

1

2
��v

2
�
. (2.23)

Therefore, for perturbative values of the self-interaction, the flavon mass is at most of

the order of the FN-breaking scale (which, as we will see, flavour processes constrain to be

at least above 106 � 107 GeV) and can only be much smaller than that scale if �� ⌧ 1.

Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = n
f

ij

m
f

ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y
f
v/

p
2. Note that, as a consequence of the

dependence on the exponents nf

ij
, these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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Owing to the e↵ective operators in Eq. (2.1), the flavon couples to SM fermions as

follows:

�L = n
f

ij

m
f

ij

v�
f iPRfj '+ h.c. , (2.24)

where f = u, d, ` and the mass matrices mf = Y
f
v/

p
2. Note that, as a consequence of the

dependence on the exponents nf

ij
, these interactions are by construction flavour-violating,

4In the global case, the Nambu-Goldstone boson of a spontaneously broken flavour symmetry is usually

called “familon” [39–44]. In the case of a FN U(1)F with colour anomaly, the field a has also been dubbed

“flaxion” or “axiflavon”, because it automatically provides a solution to the strong CP problem, behaving

like a QCD axion [9, 10].
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In the above Lagrangian, ⇤N is the lepton number breaking scale, possibly related to the

mass of heavy RH neutrinos. The SM Yukawa matrix and Majorana neutrino masses are

dynamically generated in the following form:

Y
`

ij = a
`

ij ✏
QLi

+Qej

`
, m

⌫

ij = 
⌫

ij

v
2

⇤N

✏
QLi

+QLj

`
, ✏` ⌘

h�i

⇤`

, (2.14)

where the electroweak-breaking vev is defined as hHi = v/
p
2. As before, the elements

of the matrices a
`

ij
and 

⌫

ij
are assumed to be anarchical O(1) coe�cients, related to the

fundamental couplings of the underlying UV-complete theory. It follows that the hierarchy

of lepton masses and mixing is solely due to powers of the ✏` parameter (possibly di↵erent

from the expansion parameter ✏ of the quark sector), hence depending on the charges we

assign to SM leptons.

The above matrices can be diagonalised by means of unitary rotations of the fields:

Y
` = V

`
Ŷ

`
W

`†
, m

⌫ = V
⌫
m̂

⌫
V

⌫T (2.15)

where Ŷ
` and m̂

⌫ are flavour-diagonal matrices, and the rotations to the mass basis have

the following structure controlled by the FN charges:

V
`,⌫

ij
⇠ ✏

���QLi
�QLj

���
`

, W
`

ij ⇠ ✏
|Qei

�Qej
|

`
. (2.16)

As usual, the PMNS matrix depends on the LH rotations as follows:

Upmns = V
⌫
V

` †
. (2.17)

In contrast to the quark sector, where the mixing is described by the strongly hierarchical

CKM matrix, in the lepton sector the large mixing angles can be regarded as random O(1)

numbers. In other words, given the current experimental precision, the observed mixing in

the neutrino sector is compatible with an anarchical PMNS matrix [35]. From Eqs. (2.16)

and (2.17), we see that this pattern can be simply achieved by taking equal charges for the

doublets:

(QL1 , QL2 , QL3) = (QL, QL, QL) [Pure Anarchy] , (2.18)

as is also apparent from the above expression for m
⌫

ij
.3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z
0 of the gauged U(1)F

does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`
ij
. For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏
2
⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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flavour hierarchies only partially, or assuming that di↵erent symmetries are at work in the

two sectors.

Note that the FN charge of the Higgs field H can always be taken to be vanishing

since the FN charge of the full Yukawa operator determines the hierarchical suppression.1

In the remainder of this work, we will assume QH = 0 for concreteness.

2.1 Quark sector

In the quark sector, a possible charge assignment is given by

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (�4, �2, 0),

(Qd1 , Qd2 , Qd3) = (�4, �2, �2), (2.10)

which leads to the following structure for the Yukawa matrices:

Y
u
⇠

0

B@
✏
7
✏
5
✏
3

✏
6
✏
4
✏
2

✏
4
✏
2 1

1

CA , Y
d
⇠

0

B@
✏
7
✏
5
✏
5

✏
6
✏
4
✏
4

✏
4
✏
2
✏
2

1

CA . (2.11)

Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in a
u and a

d, the above matrices

can easily fit the observed quark masses and CKM mixing. We stress that the discussion

in the following sections depends only mildly on the specific values of the FN charges and

could be readily adapted to other options.2

The order of magnitude of the rotations following from Eq. (2.6) is

V
u,d

⇠

0

B@
1 ✏ ✏

3

✏ 1 ✏
2

✏
3
✏
2 1

1

CA , W
u
⇠

0

B@
1 ✏

2
✏
4

✏
2 1 ✏

2

✏
4
✏
2 1

1

CA , W
d
⇠

0

B@
1 ✏

2
✏
2

✏
2 1 1

✏
2 1 1

1

CA , (2.12)

where we see that the rotations of the LH fields are of the order of the CKM angles both

in the up and in the down sector.

2.2 Lepton sector

In the lepton sector, let us assume that neutrinos are Majorona particles, with their mass

terms induced by the usual Weinberg operator [34]. The resulting U(1)F -invariant La-

grangian reads

�L �

"
a
`

ij

✓
h�i

⇤`

◆QLi
�Qej

LiejH + h.c.

#
+ 

⌫

ij

✓
h�

⇤
i

⇤`

◆QLi
+QLj (Lc

i
H̃)(H̃T

Lj)

⇤N

. (2.13)

1However, for a local FN symmetry, the Higgs field charge QH may make a di↵erence: the Higgs kinetic

term induces a mass mixing between the FN gauge boson and the SM Z boson after electroweak symmetry

breaking. Nevertheless, the mixing angle is suppressed by powers of v/h�i and thus negligible for a high-scale

UV completion.
2See e.g. Refs. [31–33] for recent fits of FN models to SM data and discussions of alternative/minimal

charge assignments.
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as is also apparent from the above expression for m
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.3 In particular, it is interesting to

note that we can choose to set QL = 0, such that the gauge boson Z
0 of the gauged U(1)F

does not couple at tree-level to the LH leptons (including neutrinos). The hierarchy of the

charged lepton masses can be reproduced by a suitable choice of the charges of the RH

fields, the expansion parameter ✏`, and the O(1) coe�cients a`
ij
. For instance, in the purely

anarchical scenario, the correct order of magnitude is achieved by choosing:

(Qe1 ,Qe2 ,Qe3) = (QL � 4,QL � 2,QL � 1), ✏` ⇡ ✏
2
⇡ 0.04. (2.19)

3Considering instead Dirac neutrinos would not change this conclusion, nor the the discussion below.
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FCNC Axion/ALPs



Flavour-violating axions/ALPs couplings to quarks

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV

fifj
+ C

A

fifj
�5)fj , (1.1)

where C
V,A

fifj
are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F
V,A

`i`j
=

2fa

C
V,A

`i`j

, F`i`j =
2faq

|CV

`i`j
|2 + |CA

`i`j
|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1�

m
2
a

m
2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m
3
`i

32⇡F 2
`i`j

 
1�

m
2
a

m
2
`i

!2 "
1 + 2P cos ✓

C
V

`i`j
C

A

`i`j

(CV

`i`j
)2 + (CA

`i`j
)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: F
A,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ
+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]
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(because of parity conservation of strong interactions)

The axion couplings to the SM fermions in the mass
basis, cVfifj and cAfifj , are related to the PQ charge matrices
in the flavor basis, Xf, through

cV;Afifj
¼ 1

2N
ðV†

fR
XfRVfR # V†

fL
XqLVfLÞij; ð4Þ

where N is the QCD anomaly coefficient of the PQ sym-
metry. The unitary rotations VfL;fR diagonalize the appro-
priate SM fermion Yukawa matrices, V†

fL
yfVfR ¼ ydiagf , for

the “up” and “down” quark flavors, f ¼ u, d. We focus on
axion couplings to quarks and refer the reader to Ref. [86]
for present and future prospects for testing lepton flavor–
violating axion couplings. Off-diagonal couplings arise
whenever PQ charges, XqL and XfR , are not diagonal in the
same basis as the Yukawa matrices, yf. Their sizes depend
on the misalignment between the two bases, parametrized
by the unitary rotations VfL and VfR (taking XqL and XfR to
be diagonal).
Very different flavor textures of cV;Afifj

are possible.
Provided a suitable set of PQ charges and appropriate flavor
structures of the SMYukawa matrices, it is possible for just a
single off-diagonal coupling to be large cV;Afifj

∼Oð1Þ, i ≠ j,
with all the other off-diagonal couplings zero or very small.
For example, one can realize a situation where cVbs ¼ cAbs ∼ 1

and all the other cV;Afi≠fj ¼ 0, by taking XqL ¼ XuR ¼ 1,
ðXdRÞ2 ≠ ðXdRÞ3, with down Yukawa matrix yd such that the
only nonvanishing rotation is in the 2-3 right-handed sector,
sRd23 ∼ 1. Moreover, while one would generically expect axial
couplings cAfifj and vector couplings cVfifj to be of the same
order, the latter can be suppressed in a situation whereXfR ¼
−XqL and VfR ¼ VfL , which can arise in models where PQ
charges are compatible with a grand unified structure [see
Ref. [87] for a recent example in SO(10)], and Yukawas are
Hermitian, positive-definite matrices [see, e.g., Ref. [88] for
a realization of this scenario in SO(10)].
In the absence of a theory of flavor, we will be agnostic

about the origin of the possible flavor misalignment and

simply take cV;Afifj
to be unknown parameters in an effective

Lagrangian, which will be constrained solely from data.

III. BOUNDS FROM HADRON DECAYS

Bounds on the vector and axial-vector parts of the flavor-
violating axion couplings, Eqs. (1) and (2), can be derived
from searches for hadron decays with missing energy.
In this section, we consider the bounds from two-body
decays of pseudoscalar mesons to pseudoscalar and vector
mesons, respectively, from three-body meson decays and
from decays of baryons. In each case, we first review the
available and planned experimental measurements and then
interpret them in terms of the bounds on flavor-violating
axion couplings.

A. Bounds from two-body meson decays

Because of parity conservation of strong interactions,
the P1 → P2a decays of a pseudoscalar meson P1 to a
pseudoscalar meson P2 are only sensitive to the vector
couplings of the axion, while the P1 → V2a decays, where
V2 is the vector meson, are only sensitive to the axial-vector
couplings (see Appendix C). Searches targeting specifically
the massless axion were performed in Kþ → πþa [89],
Bþ → Kþa [90], and Bþ → πþa [90] decays. In addition,
searches for SM decays where the invisible final state is
a νν̄ pair can be recast to derive limits on the axion
couplings. This requires that the two-body kinematics of an
(essentially) massless axion is included in the search
region, as was the case in the BABAR and CLEO searches
for B → Kð&Þνν̄ [91], B → πνν̄ [92], and D → ðτ → πν̄Þν
[93]. Note that the corresponding Belle datasets analyzed in
Refs. [94,95] cannot be readily used to set bounds on axion
couplings, because the analyses either cut out two-body
decays with a massless axion [95] or used multivariate
methods [94] that are difficult to reinterpret for different
purposes [96] (see also Ref. [97]).
The available experimental information is summarized in

Table I, where we give the 90% C.L. upper limits on the
branching ratios for decays involving neutrinos or invisible
massless axions. We include the limits on the decays

TABLE I. Experimental inputs for meson decays; see text for details. We show the 90% C.L. upper bounds on the
branching ratios of a pseudoscalar meson P1 to another pseudoscalar (P2) or vector (V2) meson (for sd transitions
V2 ¼ ππ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case, we
also show our bounds obtained by recasting related searches for invisible decays (subscript “recast”).

Decay sd cu bd bs

BRðP1 → P2 þ aÞ 7.3 × 10−11 [89] No analysis 4.9 × 10−5 [90] 4.9 × 10−5 [90]
BRðP1 → P2 þ aÞrecast No need 8.0 × 10−6 [93] 2.3 × 10−5 [92] 7.1 × 10−6 [91]
BRðP1 → P2 þ νν̄Þ 1.47þ1.30

−0.89 × 10−10 [89] No analysis 0.8 × 10−5 [94] 1.6 × 10−5 [94]

BRðP1 → V2 þ aÞ 3.8 × 10−5 [98] No analysis No analysis No analysis
BRðP1 → V2 þ aÞrecast No need No data No data 5.3 × 10−5 [91]
BRðP1 → V2 þ νν̄Þ 4.3 × 10−5 [98] No analysis 2.8 × 10−5 [94] 2.7 × 10−5 [94]
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P1 ! V2 + a (D ! ⇢+ a)
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P1 ! P2 + a (D ! ⇡ + a)
<latexit sha1_base64="3iiRHvBj8CBL539I0I7NGGQV22Q=">AAAB/3icbVDJSgNBEO2JW4zbqODFy2AQBGGYEYkeg14ELxHMApkh9HQqSZOehe4aMYwR/BUvHhTx6m9482/sLAdNfFDweK+KqnpBIrhCx/k2cguLS8sr+dXC2vrG5pa5vVNTcSoZVFksYtkIqALBI6giRwGNRAINAwH1oH858ut3IBWPo1scJOCHtBvxDmcUtdQy95oewj1mYHft4eOFh7F1fUz9lll0bGcMa564U1IkU1Ra5pfXjlkaQoRMUKWarpOgn1GJnAkYFrxUQUJZn3ahqWlEQ1B+Nr5/aB1qpW11YqkrQmus/p7IaKjUIAx0Z0ixp2a9kfif10yxc+5nPEpShIhNFnVSYekvR2FYbS6BoRhoQpnk+laL9aikDHVkBR2CO/vyPKmd2G7JLt2cFsvlaRx5sk8OyBFxyRkpkytSIVXCyAN5Jq/kzXgyXox342PSmjOmM7vkD4zPHxO2lX8=</latexit>

[e.g. B ! K + a]
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but there are still gaps…
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In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV

fifj
+ C

A

fifj
�5)fj , (1.1)

where C
V,A

fifj
are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F
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=

2fa
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, F`i`j =
2faq
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|2 + |CA
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|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)
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while the di↵erential decay rate reads (in the same limit)
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where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: F
A,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ
+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]

– 2 –

The axion couplings to the SM fermions in the mass
basis, cVfifj and cAfifj , are related to the PQ charge matrices
in the flavor basis, Xf, through

cV;Afifj
¼ 1

2N
ðV†

fR
XfRVfR # V†

fL
XqLVfLÞij; ð4Þ

where N is the QCD anomaly coefficient of the PQ sym-
metry. The unitary rotations VfL;fR diagonalize the appro-
priate SM fermion Yukawa matrices, V†

fL
yfVfR ¼ ydiagf , for

the “up” and “down” quark flavors, f ¼ u, d. We focus on
axion couplings to quarks and refer the reader to Ref. [86]
for present and future prospects for testing lepton flavor–
violating axion couplings. Off-diagonal couplings arise
whenever PQ charges, XqL and XfR , are not diagonal in the
same basis as the Yukawa matrices, yf. Their sizes depend
on the misalignment between the two bases, parametrized
by the unitary rotations VfL and VfR (taking XqL and XfR to
be diagonal).
Very different flavor textures of cV;Afifj

are possible.
Provided a suitable set of PQ charges and appropriate flavor
structures of the SMYukawa matrices, it is possible for just a
single off-diagonal coupling to be large cV;Afifj

∼Oð1Þ, i ≠ j,
with all the other off-diagonal couplings zero or very small.
For example, one can realize a situation where cVbs ¼ cAbs ∼ 1

and all the other cV;Afi≠fj ¼ 0, by taking XqL ¼ XuR ¼ 1,
ðXdRÞ2 ≠ ðXdRÞ3, with down Yukawa matrix yd such that the
only nonvanishing rotation is in the 2-3 right-handed sector,
sRd23 ∼ 1. Moreover, while one would generically expect axial
couplings cAfifj and vector couplings cVfifj to be of the same
order, the latter can be suppressed in a situation whereXfR ¼
−XqL and VfR ¼ VfL , which can arise in models where PQ
charges are compatible with a grand unified structure [see
Ref. [87] for a recent example in SO(10)], and Yukawas are
Hermitian, positive-definite matrices [see, e.g., Ref. [88] for
a realization of this scenario in SO(10)].
In the absence of a theory of flavor, we will be agnostic

about the origin of the possible flavor misalignment and

simply take cV;Afifj
to be unknown parameters in an effective

Lagrangian, which will be constrained solely from data.

III. BOUNDS FROM HADRON DECAYS

Bounds on the vector and axial-vector parts of the flavor-
violating axion couplings, Eqs. (1) and (2), can be derived
from searches for hadron decays with missing energy.
In this section, we consider the bounds from two-body
decays of pseudoscalar mesons to pseudoscalar and vector
mesons, respectively, from three-body meson decays and
from decays of baryons. In each case, we first review the
available and planned experimental measurements and then
interpret them in terms of the bounds on flavor-violating
axion couplings.

A. Bounds from two-body meson decays

Because of parity conservation of strong interactions,
the P1 → P2a decays of a pseudoscalar meson P1 to a
pseudoscalar meson P2 are only sensitive to the vector
couplings of the axion, while the P1 → V2a decays, where
V2 is the vector meson, are only sensitive to the axial-vector
couplings (see Appendix C). Searches targeting specifically
the massless axion were performed in Kþ → πþa [89],
Bþ → Kþa [90], and Bþ → πþa [90] decays. In addition,
searches for SM decays where the invisible final state is
a νν̄ pair can be recast to derive limits on the axion
couplings. This requires that the two-body kinematics of an
(essentially) massless axion is included in the search
region, as was the case in the BABAR and CLEO searches
for B → Kð&Þνν̄ [91], B → πνν̄ [92], and D → ðτ → πν̄Þν
[93]. Note that the corresponding Belle datasets analyzed in
Refs. [94,95] cannot be readily used to set bounds on axion
couplings, because the analyses either cut out two-body
decays with a massless axion [95] or used multivariate
methods [94] that are difficult to reinterpret for different
purposes [96] (see also Ref. [97]).
The available experimental information is summarized in

Table I, where we give the 90% C.L. upper limits on the
branching ratios for decays involving neutrinos or invisible
massless axions. We include the limits on the decays

TABLE I. Experimental inputs for meson decays; see text for details. We show the 90% C.L. upper bounds on the
branching ratios of a pseudoscalar meson P1 to another pseudoscalar (P2) or vector (V2) meson (for sd transitions
V2 ¼ ππ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case, we
also show our bounds obtained by recasting related searches for invisible decays (subscript “recast”).

Decay sd cu bd bs

BRðP1 → P2 þ aÞ 7.3 × 10−11 [89] No analysis 4.9 × 10−5 [90] 4.9 × 10−5 [90]
BRðP1 → P2 þ aÞrecast No need 8.0 × 10−6 [93] 2.3 × 10−5 [92] 7.1 × 10−6 [91]
BRðP1 → P2 þ νν̄Þ 1.47þ1.30

−0.89 × 10−10 [89] No analysis 0.8 × 10−5 [94] 1.6 × 10−5 [94]

BRðP1 → V2 þ aÞ 3.8 × 10−5 [98] No analysis No analysis No analysis
BRðP1 → V2 þ aÞrecast No need No data No data 5.3 × 10−5 [91]
BRðP1 → V2 þ νν̄Þ 4.3 × 10−5 [98] No analysis 2.8 × 10−5 [94] 2.7 × 10−5 [94]
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Example: No dedicated searches for D to axion decays

Recasting data from                               (CLEO 2008):
<latexit sha1_base64="hwMZuGNjOV+o0itQufvfzRS/wG0=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBEqlTIjii4LunBZwT6gMy2ZNNOGZjJDkhFK6Qe48VfcuFDErR/gzr8xnc5CWw9ccjj3XG7u8WPOlLbtb2tpeWV1bT23kd/c2t7ZLeztN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6+n/eYDlYpF4l6PYuqFuC9YwAjWRuoWijedMnJ1ZAonnXIppTHrlF2RnLinyDzIuOyKnQItEicjRchQ6xa+3F5EkpAKTThWqu3YsfbGWGpGOJ3k3UTRGJMh7tO2oQKHVHnj9JgJOjZKDwWRNCU0StXfE2McKjUKfeMMsR6o+d5U/K/XTnRw5Y2ZiBNNBZktChKOzMXTZFCPSUo0HxmCiWTmr4gMsMREm/zyJgRn/uRF0jirOBcV++68WK1mceTgEI6gBA5cQhVuoQZ1IPAIz/AKb9aT9WK9Wx8z65KVzRzAH1ifP0jkmTo=</latexit>

D+ ! ⌧+(! ⇡+⌫) ⌫
<latexit sha1_base64="XQ+k0gqMvNcm1PdBsIeZ6mlPBr0=">AAACFnicbVC7SgNBFJ31GeMramkzGISIJOyKjxQWQS0so5gHZDdhdjJJhsw+mLkrhiVfYeOv2FgoYit2/o2TZAtNPDBwOOde7pzjhoIrMM1vY25+YXFpObWSXl1b39jMbG1XVRBJyio0EIGsu0QxwX1WAQ6C1UPJiOcKVnP7lyO/ds+k4oF/B4OQOR7p+rzDKQEttTJ5G9gDxBe3w9xV8xDbEGA75JqRA3yOi1rgHlPYMptx/nTYymTNgjkGniVWQrIoQbmV+bLbAY085gMVRKmGZYbgxEQCp4IN03akWEhon3RZQ1Of6GNOPI41xPtaaeNOIPXzAY/V3xsx8ZQaeK6e9Aj01LQ3Ev/zGhF0ik7M/TAC5tPJoU4ksA4/6gi3uWQUxEATQiXXf8W0RyShoJtM6xKs6cizpHpUsE4K5s1xtlRK6kihXbSHcshCZ6iErlEZVRBFj+gZvaI348l4Md6Nj8nonJHs7KA/MD5/AKg6nIQ=</latexit>

BR(D+ ! ⇡+a) < 8⇥ 10�6

(because of parity conservation of strong interactions)

<latexit sha1_base64="JtQfKjyCDi1Q5Ix81nBfbBbxssk=">AAACC3icbVDLSsNAFJ34rPEVdelmaBEqQkmKosuCLlxWsA9oQphMJ+3QSSbMTIQS2rUbf8WNC0Xc+gPu/BunaRbaemDg3HPu5c49QcKoVLb9baysrq1vbJa2zO2d3b196+CwLXkqMGlhzrjoBkgSRmPSUlQx0k0EQVHASCcYXc/8zgMRkvL4Xo0T4kVoENOQYqS05Fvlpu9AV3HY9uvwDKLptHqT164Ycl2fmtC3KnbNzgGXiVOQCijQ9K0vt89xGpFYYYak7Dl2orwMCUUxIxPTTSVJEB6hAelpGqOISC/Lb5nAE630YciFfrGCufp7IkORlOMo0J0RUkO56M3E/7xeqsIrL6NxkioS4/miMGVQ3zoLBvapIFixsSYIC6r/CvEQCYSVjs/UITiLJy+Tdr3mXNTsu/NKo1HEUQLHoAyqwAGXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeeuKUcwcgT8wPn8AqBiXng==</latexit>

P1 ! V2 + a (D ! ⇢+ a)
<latexit sha1_base64="aspAMedpGF9qdJ6DUgaIdgRCg8g=">AAACCnicbVDLSsNAFJ3UV42vqEs3o0WoCCUpii4LunAZwT6gCWEynbZDJ5MwMxFKaLdu/BU3LhRx6xe482+cpllo9cDAuefcy517woRRqWz7yygtLa+srpXXzY3Nre0da3evJeNUYNLEMYtFJ0SSMMpJU1HFSCcRBEUhI+1wdDXz2/dESBrzOzVOiB+hAad9ipHSUmAduoEDPRVDN6jDU4im0+p1XnsJ1eWJCQOrYtfsHPAvcQpSAQXcwPr0ejFOI8IVZkjKrmMnys+QUBQzMjG9VJIE4REakK6mHEVE+ll+ygQea6UH+7HQjyuYqz8nMhRJOY5C3RkhNZSL3kz8z+umqn/pZ5QnqSIczxf1Uwb1qbNcYI8KghUba4KwoPqvEA+RQFjp9EwdgrN48l/Sqtec85p9e1ZpNIo4yuAAHIEqcMAFaIAb4IImwOABPIEX8Go8Gs/Gm/E+by0Zxcw++AXj4xvEjZce</latexit>

P1 ! P2 + a (D ! ⇡ + a)
<latexit sha1_base64="3iiRHvBj8CBL539I0I7NGGQV22Q=">AAAB/3icbVDJSgNBEO2JW4zbqODFy2AQBGGYEYkeg14ELxHMApkh9HQqSZOehe4aMYwR/BUvHhTx6m9482/sLAdNfFDweK+KqnpBIrhCx/k2cguLS8sr+dXC2vrG5pa5vVNTcSoZVFksYtkIqALBI6giRwGNRAINAwH1oH858ut3IBWPo1scJOCHtBvxDmcUtdQy95oewj1mYHft4eOFh7F1fUz9lll0bGcMa564U1IkU1Ra5pfXjlkaQoRMUKWarpOgn1GJnAkYFrxUQUJZn3ahqWlEQ1B+Nr5/aB1qpW11YqkrQmus/p7IaKjUIAx0Z0ixp2a9kfif10yxc+5nPEpShIhNFnVSYekvR2FYbS6BoRhoQpnk+laL9aikDHVkBR2CO/vyPKmd2G7JLt2cFsvlaRx5sk8OyBFxyRkpkytSIVXCyAN5Jq/kzXgyXox342PSmjOmM7vkD4zPHxO2lX8=</latexit>

[e.g. B ! K + a]
<latexit sha1_base64="fp+hsk2o0JzskdpR/cuPhvwARjc=">AAACAXicbVDJSgNBFOyJW4zbqBfBy2AQRGGYEYkeg14ELxHMAskYejovSZOehe43YhiSi7/ixYMiXv0Lb/6NneWgiQUNRdV7vK7yY8EVOs63kVlYXFpeya7m1tY3NrfM7Z2KihLJoMwiEcmaTxUIHkIZOQqoxRJo4Auo+r2rkV99AKl4FN5hPwYvoJ2QtzmjqKWmuVdvIDxiCnbHHgwvGxhZN/fHJ9RrmnnHdsaw5ok7JXkyRalpfjVaEUsCCJEJqlTddWL0UiqRMwGDXCNREFPWox2oaxrSAJSXjhMMrEOttKx2JPUL0RqrvzdSGijVD3w9GVDsqllvJP7n1RNsX3gpD+MEIWSTQ+1EWDrnqA6rxSUwFH1NKJNc/9ViXSopQ11aTpfgzkaeJ5VT2y3YhduzfLE4rSNL9skBOSIuOSdFck1KpEwYGZJn8krejCfjxXg3PiajGWO6s0v+wPj8ATxDlhs=</latexit>

[e.g. B ! K⇤ + a]
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All the limits on heavy-quark transitions from two-body
meson decays reported in this paper are obtained recasting
the analyses of “νν̄” decays at BABAR and CLEO. These
bounds will certainly be improved by dedicated searches in
the future. Belle II expects to gather 50 ab−1 of data in the
next five years, roughly a factor 100 larger than the final
integrated luminosity at BABAR. The gain in the bounds
on the branching ratios depends on the scaling behaviors of
the backgrounds. In the absence of dedicated experimental
projections, we simply assume an “optimistic” scaling
inversely proportional to the increase in luminosity with
respect to the integrated luminosities on which the respec-
tive BABAR analyses were performed. The “conservative”
scaling inversely proportional to the square root of the
number of total events would result in slightly weaker
bounds. Assuming similar reconstruction efficiencies at
Belle II as those achieved at BABAR, one can expect an
improvement in the sensitivity to FV;A

bs and FV
bd by at least

an order of magnitude; see Table III for the optimistic
projections. For the conservative scaling, the expected
bounds are about a factor 5 weaker.
In case of B → ρa, the future projection can be estimated

by using the current Belle bound for the “νν̄” mode in
Table I and rescaling with the luminosities. This gives us

BRðBþ → ρþaÞprosp < 4 × 10−7; ð60Þ

which would give the sensitivity to fa ≳ 109 GeV from the
axial bd − a couplings, about 3 orders of magnitude
stronger than the current bound on this coupling from

B − B̄ mixing. The expected bound in case of conservative
scaling is about a factor of 3 smaller.
Finally, the searches for axions in charm-meson and

charm-baryon decays could be undertaken at BESIII and
Belle II. For mesons, one can rescale the CLEO bound on
D → πa by the expected gain in luminosity, which is about
a factor 20, assuming that BESIII will collect 20 fb−1,
which leads to bound on FV

cu that is stronger by a factor 5 (2)
for the “optimistic” and conservative scalings, respectively.
For baryon decays, approximately 104 Λþ

c Λ̄−
c pairs have

been produced with 567 pb−1 at BESIII [129], while
approximately 107 ΣþΣ̄− pairs are expected with 5 fb−1

[127]. BESIII could therefore reach the limit

BRprojðΛc → paÞ < 4 × 10−5; ð61Þ

obtained by naively rescaling with the relative sizes of the
samples the projection for the branching fraction of the
Σþ → pa decay shown in Eq. (59). This should lead to
bounds on the axial cu − a coupling that are comparable
with the current bounds from D − D̄ mixing, but with the
benefit of no UV model dependence.

VIII. SUMMARY AND CONCLUSIONS

In conclusion, in this paper, we explored the phenom-
enological implications of the possibility that the QCD
axion has flavor-violating couplings to the SM quarks.
Although the presence of flavor violation in axion models
is very model dependent, this scenario generically arises
whenever the Uð1ÞPQ charges are not family universal. The

FIG. 4. Summary of the most important bounds for the different flavor sectors and for vectorial (red) and axial-vectorial (blue)
couplings. On the lower axis, we indicate the corresponding values for the effective axion mass defined by mi:eff ≡ 4.69 eV×
106 GeV=Fi. Also shown as vertical gray lines are the bounds on axion couplings to electrons Fe (95% C.L.), nucleons FN , and photons
Fγ (95% C.L.); see Sec. V for details.
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In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Laff =
@µa

2fa
f̄i�

µ(CV

fifj
+ C

A

fifj
�5)fj , (1.1)

where C
V,A

fifj
are hermitian matrices in flavor space1 and a is the PNGB, with mass ma ⌧

GeV. In particular we will be interested in the regime where ma ⌧ eV. Moreover, we will

always assume that the PNGB is a stable, invisible particle, which in particular is the case

for a QCD axion with mass ma ⌧ eV.

In the spirit of e.g. Ref. [1], we will not assume any relations between the couplings in

Eq. (1.1), and discuss the experimental bounds and prospects separately. For these 6+3

couplings we introduce the short-hand

F
V,A

`i`j
=

2fa

C
V,A

`i`j

, F`i`j =
2faq

|CV

`i`j
|2 + |CA

`i`j
|2
. (1.2)

2 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the (in-

visible) PNGB in the final state. The corresponding decay width is given by (for simplicity

in the limit where the mass of the final state lepton is neglected, m`j = 0)

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1�

m
2
a

m
2
`i

!2

, (2.1)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m
3
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32⇡F 2
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1�

m
2
a
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2
`i

!2 "
1 + 2P cos ✓

C
V

`i`j
C

A

`i`j

(CV

`i`j
)2 + (CA

`i`j
)2

#
, (2.2)

where P is the polarization of the decaying leptons, and ✓ is the angle between the polar-

ization vector and the momentum of the final state lepton.

[LC: All the discussion below assumes a practically masseless a. Shall we try to gen-

eralise it to heavier a?]

2.1 Muon decays: F
A,V
µe

The current best bound on the FV decay of the muon mediated by a PNGB comes from

an experiment [6] at TRIUMF where 1.8⇥ 107 µ
+ were collected:

BR(µ ! e a) '
�(µ ! e a)

�(µ ! e⌫⌫̄)
< 2.6⇥ 10�6 (90% CL) ) Fµe & 5.5⇥ 109 GeV. (2.3)

1Note that the diagonal vector couplings are unphysical, as they can be absorbed by non-anomalous

fermion field redefinitions. [JZ: Can’t we simply say that they vanish by EOM?] [RZ: Is it clear that this is

always equivalent?]
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• Decays mediated by dimension-5 operators: one can reach NP scales even larger 
than ,   etc. (from dim-6 operators)


• Mu/tau/astro interplay: if   constraints mainly come from 𝜏 decays
μ → eγ μ → eee

ma > mμ

Summary of searches for light invisible LFV ALPs

µ ! ea
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Summary of present limits/future prospects
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Present best limits
Process BR Limit Decay constant Bound (GeV) Experiment
Star cooling — F A

ee 4.6 × 109 WDs [44]
— F A

µµ 1.3 × 108 SN1987Aµµ [45, 46]
4 × 10−3 Fµe 1.4 × 108 SN1987Aµe (section 6.1)

µ → e a 2.6 × 10−6∗ Fµe (V or A) 4.8 × 109 Jodidio at al. [9]
µ → e a 2.5 × 10−6∗ Fµe (V + A) 4.9 × 109 Jodidio et al. [9]
µ → e a 5.8 × 10−5∗ Fµe (V − A) 1.0 × 109 TWIST [10]
µ → e a γ 1.1 × 10−9∗ Fµe 5.1 × 108# Crystal Box [47]
τ → e a 2.7 × 10−3∗∗ Fτe 4.3 × 106 ARGUS [43]
τ → µ a 4.5 × 10−3∗∗ Fτµ 3.3 × 106 ARGUS [43]

Expected future sensitivities
Process BR Sens. Decay constant Sens. (GeV) Experiment
µ → e a 7.2 × 10−7∗ Fµe (V or A) 9.2 × 109 MEGII-fwd"

µ → e a 7.2 × 10−8∗ Fµe (V or A) 2.9 × 1010 MEGII-fwd""

µ → e a 7.3 × 10−8∗ Fµe (V or A) 2.9 × 1010 Mu3e [42]
τ → e a 8.3 × 10−6∗∗ Fτe 7.7 × 107 Belle II
τ → µ a 2.0 × 10−5∗∗ Fτµ 4.9 × 107 Belle II

Table 1. The present model independent 95% C.L. best bounds on leptonic ALP couplings F V,A
!!′ ,

eq. (2.2), are given in the upper part of the table, with future projections listed in the lower part.
The bounds assume ma below the mass resolution of the experiments considered here (see figure 1
for modifications when ma is sizable). These follow from 90% C.L. (∗) and 95% C.L. (∗∗) bounds on
branching ratios in the 2nd column, rescaled using Z95/Z90 = 1.3 when necessary. The MEGII-fwd
projections are obtained for two different sets of assumptions: MEGII-fwd" assumes δxe = 10−2

and 〈Pµ〉−1 = 10−2 with no focusing, while MEGII-fwd"" in contrast sets the focusing to F = 100,
roughly what was achieved in the 1986 experiment by Jodidio et al. [9], cf. section 3.2 for details.
The Belle II projection for τ → µa is rescaled from the Belle MC simulation in ref. [48], while the
one for τ → ea is rescaled directly from the ARGUS result [43]. (#) The Crystal Box bound on
Fµe can vary between (5.1 − 8.3) × 108 GeV depending on the assumed positron energy loss, cf.
eq. (4.9).

where z± = 1 − (m#i ± m#j )2/m2
a, so that for ma & m#i,#j we have z± → 1. In the limit

mi = mj the result reduces to

Γ(a → $i$i) = ma

2π

(
m#i

F A
ij

)2
√

1 −
4m2

#i

m2
a

. (2.8)

The ALP decays to neutrinos are often suppressed, so that in the bulk of the paper we set
Γ(a → νiνj) = 0 (the majoron is an important exception, see section 7.4). The coupling to
photons, Eeff , depends on the UV physics as well as on the IR derivative couplings of ALP
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𝜇 → e a: signal and background

µ+
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]
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The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

CV
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence CV
µe = �CA

µe for the left-

handed and CV
µe = +CV

µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e+ ⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m

5
µG

2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at Eline
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡+
! µ+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

CV
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence CV
µe = �CA

µe for the left-

handed and CV
µe = +CV

µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e+ ⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m

5
µG

2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at Eline
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡+
! µ+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the
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from star cooling and SN1987a, comparing these with the reach of LFV decays. In Sec. 7

go through models where LFV violation arises naturally: in Sec. 7.1 we discuss the LFV

DFSZ axion, in Sec. 7.2 the LFV familon/axiflavon and in Sec. 7.3 the Majoron. In Sec. 8

we conclude highlighting the future studies we would like to perform to assess the reach of

our MEGII-forward.

2 Setting up the Notation

In this article we update and discuss future prospects to the most general couplings of a

(pseudo-) Nambu-Goldstone boson (PNGB) couplings to SM leptons. The Lagrangian is

given by

Leff =
X

i

@µa

2fa
¯̀
iC

A

`i
�5`i +

X

i 6=j

@µa

2fa
f̄i�

µ(CV

`i`j
+ CA

`i`j
�5)`j , (2.1)

where CA

`i
is a vector and CV,A

`i`j
are hermitian matrices in flavor space3 and a is the PNGB,

with mass ma . m⌧ . In the spirit of e.g. Ref. [5], we will not assume any relations between

the couplings in Eq. (2.1), and discuss the experimental bounds and prospects separately.

For these 6+3 couplings we introduce the short-hand notation

F V,A

`i`j
=

2fa

CV,A

`i`j

, F`i`j
=

2faq
|CV

`i`j
|2 + |CA

`i`j
|2
. (2.2)

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) PNGB in the final state. The corresponding total decay width is given by (for

simplicity in the limit where the mass of the final state lepton is neglected, m`j
= 0)

�(`i ! `j a) =
1

16⇡

m3
`i

F 2
`i`j

 
1�

m2
a

m2
`i

!2

, (2.3)

while the di↵erential decay rate reads (in the same limit)

d�(`i ! `j a)

d cos ✓
=

m3
`i

32⇡F 2
`i`j

 
1�

m2
a

m2
`i

!2 "
1 + 2P`i

cos ✓
CV

`i`j
CA

`i`j

(CV

`i`j
)2 + (CA

`i`j
)2

#
, (2.4)

where P`i
= ⌘̂ · ẑ is the polarization ⌘̂ of the decaying leptons with respect to the direction

of the beam axis ẑ, and ✓ is the angle between the polarization vector of the muon and the

momentum of the final state lepton.

The total width of the ALP can be computed as a function of his mass summing up

the di↵erent contributions

�tot(ma) ' �(a ! ��) +
X

j=1,2

�(a ! `i`j) , (2.5)

3Note that we are setting to zero the diagonal vector couplings. These can be absorbed by fermion field

redefinitions that are anomalous only under SU(2), and thus a↵ect only the PNGB couplings to electroweak

gauge bosons.
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Signal: monochromatic positron with

Differential decay rate:

Michel spectrum:
xe =

2pe
mµ
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the forward direction

xe =
2Ee

mµ
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the bkd goes to zero 

in the “forward”direction 

(the direction opposite 

to the muon polarization)

 

µ+
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in the massless case
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Figure 1: Cartoon summarizing the relevant kinematical variables describing the decay

of a polarized µ+ in the Standard Model in the convention of this paper. [DR: try to get

circles good!]

a monocromatic positron line with momentum

pe =

s✓
m2

µ �m2
a +m2

e

2mµ

◆2

�m2
e (3.1)

The angular distribution of the positrons for the signal will depend on the initial muon

polarization and the chiral structure of the ALP interactions. In particular we will discuss

3 cases leading to a qualitative di↵erent phenomenology: i) the isotropic ALP has either

CV
µe = 0 or CA

µe = 0 and the angular distribution of the positrons in the final state is always

isotropic independently on the muon polarization. ii) the left/right-handed ALP couples

only to the left/right-handed SM fermions and as a consequence CV
µe = �CA

µe for the left-

handed and CV
µe = +CV

µe for the right-handed. In this case the angular distribution is

proportional to ⇠ (1⌥P cos ✓) in the left/right-handed case as can be seen from Eq. (2.4).

For µ+
! e+ + invisible the SM background comes from the three-body muon decay

through an o↵-shell W+ which produces the so-called Michel spectrum

d2�(µ+
! e+ ⌫e ⌫̄µ)

dxe d cos ✓
' �µ ((3� 2xe)� Pµ(2xe � 1) cos ✓)x2e , (3.2)

where xe = 2Ee/mµ is defined such that 0  xe  1, and again ✓ is the angle between muon

polarization vector and the positron momentum in the muon rest frame. The total width

of the muon is �µ '
m

5
µG

2
F

192⇡3 = 3⇥ 10�10 eV. In writing Eq. (3.2), we assumed that the new

physics scale is su�ciently high to suppress any significant modification of the muon three

body decay properties. This is certainly the case for the physics targets we have in mind

here. We refer to [34, 35] for excellent reviews of the SM muon properties.

For Pµ = 0 the SM background in Eq. (3.2) is peaked at Eline
e = mµ/2 which corre-

sponds to xe = 1. However, the muon flux in low energy muon beamlines such as those at

TRIUMF or PSI is dominated by the muons produced by the pion at rest at the surface of

the production target. The muons produced from a pion decaying at rest in ⇡+
! µ+ + ⌫

are 100% polarized in the direction opposite to the muon momentum (i.e Pµ = �1 in the

– 6 –

ma (MeV)
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signal anisotropy depends on the chirality of the couplings

𝜇 polarisation
And “surface” muons are highly polarised (produced by pion decays at rest on the 

surface of the production target) → the SM background can be suppressed

How do we measure !"?

!4

Our particles then interact with external magnetic fields such that

and this makes their spin precess about the field direction
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~B

Measuring the precession frequency allows to determine g

From now on, let’s focus on muons:

We can produce muons by protons hitting a target → pions → pion decays:

π+
Storage

Ring

Protons
from AGS

Target

Pions
p=3.1 GeV

π+ → µ+νµ

Inflector

Polarized Muons
Injection Point

Kicker
Modules

Injection Orbit

Storage Ring Orbit

νµ µ+

⇒ ⇐ spin
momentum

In Pion Rest Frame

“Forward” Decay Muons
are highly polarized

Fig. 4. The schematics of muon injection and storage in the g − 2 ring.

magnetic field !B where they travel in a circle. The ring 5 is a toroid–shaped structure with a diameter of 14
meters, the aperture of the beam pipe is 90 mm, the field is 1.45 Tesla and the momentum of the muon is
pµ = 3.094 GeV. In the horizontal plane of the orbit the muons execute a relativistic cyclotron motion with
angular frequency ωc. By the motion of the muon magnetic moment in the homogeneous magnetic field the
spin axis is changed in a particular way as described by the Larmor precession. After each circle the muon’s
spin axis changes by 12’ (arc seconds), while the muon is traveling at the same momentum (see Fig. 3). The
muon spin is precessing with angular frequency ωs, which is slightly bigger than ωc by the difference angular
frequency ωa = ωs − ωc.

ωc =
eB

mµ γ
, ωs =

eB

mµ γ
+ aµ

eB

mµ
, ωa = aµ

eB

mµ
, (23)

where γ = 1/
√

1 − v2 is the relativistic Lorentz factor and v the muon velocity. In the experiment ωa and
B are measured. The muon mass mµ is obtained from an independent experiment on muonium, which is a
(µ+e−) bound system. Note that if the muon would just have its Dirac magnetic moment g = 2 (tree level)
the direction of the spin of the muon would not change at all.

In order to retain the muons in the ring an electrostatic focusing system is needed. Thus in addition to the
magnetic field !B an electric quadrupole field !E in the plane normal to the particle orbit must be applied.
This transversal electric field changes the angular frequency according to

!ωa =
e

mµ

(

aµ
!B −

[

aµ − 1

γ2 − 1

]

!v × !E

)

. (24)

This key formula for measuring aµ was found by Bargmann, Michel and Telegdi in 1959 [70,96]. Interestingly,
one has the possibility to choose γ such that aµ − 1/(γ2 − 1) = 0, in which case ωa becomes independent of
!E. This is the so–called magic γ. When running at the corresponding magic energy, the muons are highly
relativistic, the magic γ-factor being γ =

√

1 + 1/aµ = 29.3. The muons thus travel almost at the speed
of light with energies of about Emagic = γmµ ' 3.098 GeV. This rather high energy, which is dictated by
the requirement to minimize the precession frequency shift caused by the electric quadrupole superimposed
upon the uniform magnetic field, also leads to a large time dilatation. The lifetime of a muon at rest is
2.19711 µs, while in the ring it is 64.435 µs (theory) [64.378 µs (experiment)]). Thus, with their lifetime
being much larger than at rest, muons are circling in the ring many times before they decay into a positron

5 A picture of the BNL muon storage ring may be found on the Muon g−2 Collaboration Web Page http://www.g-2.bnl.gov/
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Neutrinos are only left-handed, 
pions have spin 0, muons 
must be left-handed too

highly polarised 

muon beam

mass lifetime decay

<latexit sha1_base64="DF71Tonk7M2LKBbZ9vU41Q4/W28=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4CrsS1GPAixchgnlAdllmJx0dnNldZnrFsCQnL/6KFw+KePUXvPk3Th4HjRY0FFXddHdFqRQGXffLmZtfWFxaLqwUV9fWNzZLW9tNk2SaQ4MnMtHtiBmQIoYGCpTQTjUwFUloRbdnI791B9qIJL7CfgqBYtex6AnO0EphaU+Fvsro0GdpqpN7OvTc46GPcI/5BTQHYansVtwx6F/iTUmZTFEPS59+N+GZghi5ZMZ0PDfFIGcaBZcwKPqZgZTxW3YNHUtjpsAE+fiPAT2wSpf2Em0rRjpWf07kTBnTV5HtVAxvzKw3Ev/zOhn2ToNcxGmGEPPJol4mKSZ0FArtCg0cZd8SxrWwt1J+wzTjaKMr2hC82Zf/kuZRxTuuVC+r5VptGkeB7JJ9ckg8ckJq5JzUSYNw8kCeyAt5dR6dZ+fNeZ+0zjnTmR3yC87HN9u8mVA=</latexit>

mµ ⇡ 106 MeV
<latexit sha1_base64="RPhU4N2+4rgz1c/XSliMoeqhgcw=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgKiSlqMuCG5cV7AOaECbTSTt08mDmRlpCu3bjr7hxoYhbf8Cdf+O0zUJbD1w4nHMv997jJ4IrsKxvo7CxubW9U9wt7e0fHB6Vj0/aKk4lZS0ai1h2faKY4BFrAQfBuolkJPQF6/ijm7nfeWBS8Ti6h0nC3JAMIh5wSkBLXrniAEk9J0zxzCFJIuMxntXM2kwrDrAxZGrqlauWaS2A14mdkyrK0fTKX04/pmnIIqCCKNWzrQTcjEjgVLBpyUkVSwgdkQHraRqRkCk3W/wyxeda6eMglroiwAv190RGQqUmoa87QwJDterNxf+8XgrBtZvxKEmBRXS5KEgFhhjPg8F9LhkFMdGEUMn1rZgOiSQUdHwlHYK9+vI6addM+9Ks39WrjUYeRxGdoQq6QDa6Qg10i5qohSh6RM/oFb0ZT8aL8W58LFsLRj5ziv7A+PwBdlWbVQ==</latexit>

⌧µ ⇡ 2.2 µs
<latexit sha1_base64="X41ctqDsYc6PO1FraszaT0eWOCQ=">AAACH3icbVDLSgMxFM34tr6qLt0ES0FBy4yU6rLgxmUFW4VmHDLpHRuayQxJRixD/RI3/oobF4qIu/6N6WOh1gMhh3POJbknTAXXxnWHztz8wuLS8spqYW19Y3OruL3T0kmmGDRZIhJ1E1INgktoGm4E3KQKaBwKuA575yP/+h6U5om8Mv0U/JjeSR5xRo2VgmKNxNntMSYmwTC6j0hIVU5kNgiAHGFLApt4fDwgNE1V8oA91yXlw6BYcivuGHiWeFNSQlM0guIX6SQsi0EaJqjWbc9NjZ9TZTgTMCiQTENKWY/eQdtSSWPQfj7eb4DLVungKFH2SIPH6s+JnMZa9+PQJmNquvqvNxL/89qZic78nMs0MyDZ5KEoE9i2MSoLd7gCZkTfEsoUt3/FrEsVZcZWWrAleH9XniWtk4pXq1Qvq6V6fVrHCtpD++gAeegU1dEFaqAmYugJvaA39O48O6/Oh/M5ic4505ld9AvO8Bsu8KEz</latexit>

µ� ! e� ⌫̄e ⌫µ (⇡ 100%)

<latexit sha1_base64="Z1XE3PIhX/Rng/3o/MG6cR/UgxQ=">AAACC3icbZDLSsNAFIYn9VbrLerSzWARXJVEiroRim5cSQV7gSaUyXTSDp2ZhJlJoYTs3fgqblwo4tYXcOfbOE2z0NYfBj7+cw5nzh/EjCrtON9WaWV1bX2jvFnZ2t7Z3bP3D9oqSiQmLRyxSHYDpAijgrQ01Yx0Y0kQDxjpBOObWb0zIVLRSDzoaUx8joaChhQjbay+fexNCE7vMngFc/J4kkFPU07U3LjO+nbVqTm54DK4BVRBoWbf/vIGEU44ERozpFTPdWLtp0hqihnJKl6iSIzwGA1Jz6BAZpmf5rdk8MQ4AxhG0jyhYe7+nkgRV2rKA9PJkR6pxdrM/K/WS3R46adUxIkmAs8XhQmDOoKzYOCASoI1mxpAWFLzV4hHSCKsTXwVE4K7ePIytM9q7nmtfl+vNhpFHGVwBI7BKXDBBWiAW9AELYDBI3gGr+DNerJerHfrY95asoqZQ/BH1ucPlGmaxQ==</latexit>

~N = ~µ⇥ ~Btorque

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons



𝜇 → e a :  future prospects

Many ideas and proposals for running and upcoming experiments:

MEG II 

• Add a forward calorimeter to perform a Jodidio-like search

• Run with a dedicated trigger to search for 


Mu3e

• Search performed on  momentum histograms filled with online reconstructed 

short tracks

• Search for  from the internal conversion of virtual photon into 


COMET/Mu2e

• search for excess over the Michel spectrum, using data from calibration runs 

employing positive muon beams

• enlarge the  conversion signal window coping with a large (~100kHz?) 

Michel background rate


MACE 


• One month dedicated run with  spin rotation 

μ → eaγ

e+

μ → 3ea e+e−

μ → e

μ+
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LC et al. ‘20
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cally important channel is the ⇡
+

! e
+
N decay, where

N is a heavy neutral lepton (HNL).
Motivated by its potential physics impact, we will use

“Mu2e-X” as a shorthand for employing the Mu2e valida-
tion data for BSM searches, and similarly “COMET-X”
for COMET. Mu2e is investigating the projected sensi-
tivity of such a dataset internally [61]. The rest of the
paper is organized as follows: In Section II we outline new
physics models, and regions of parameter space, that pre-
dict rates of µ+

! e
+
X to which Mu2e will be sensitive.

We translate bounds on branching ratios to constraints
on new physics model parameters, emphasizing the com-
petitive reach of a µ

+
! e

+
X search relative to astro-

physical constraints. In Section III we briefly describe
the inputs and procedures underlying our sensitivity es-
timates for µ+

! e
+
X and ⇡

+
! e

+
X searches. Finally,

in Section IV we summarize our findings and comment
on possible future applications for the Mu2e validation
data.

II. MODELS OF NEW PHYSICS

We begin by discussing the theoretical motivation to
search for two body decays µ

+
! e

+
X and ⇡

+
! e

+
X.

These are experimentally convenient because the pre-
dicted signature involves a monoenergetic e

+. Models
with three body decays are also of interest but their ex-
perimental projections require further study; we briefly
discuss this case in Section IV.

In what follows we consider several benchmark new
physics models for which a µ

+ run at Mu2e could lead
to a discovery or interesting limits. Axion like particles
(ALPs) can be discovered through two body µ

+
! e

+
X

decays, while MeV scale DM can be searched for either
through two body or three body µ

+
! (e+ + invisible)

decays. The rare ⇡
+

! e
+
X decay mode can probe

heavy neutral leptons (HNLs), but must overcome a siz-
able muon decay in flight background.

A. Axion-like models

Any spontaneously broken (approximate) global U(1)
symmetry results in a light (pseudo) Nambu-Goldstone
boson in the low energy effective theory of the system. A
particularly important example is the case of a sponta-
neously broken Peccei Quinn (PQ) symmetry giving rise
to the QCD axion that can solve the strong CP problem
and provide a cold dark matter candidate [62–65]. Such
particles extending the SM are generically referred to as
ALPs (axion like particles) [66]. If the spontaneously
broken U(1) is flavor non-universal, it can lead to sizable
µ ! ea decays for ALPs a with masses ma < 105 MeV
[60, 67–84].

To understand whether or not a µ
+ validation run

could be sensitive to an interesting region of parame-
ter space we explore three ALP benchmarks: i) a general
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FIG. 1. The 95% C.L. limits on a general ALP with anar-
chic couplings to all three generations of leptons. The present
laboratory exclusions are denoted with solid lines, and fu-
ture projections with dashed lines, assuming isotropic ALP
production with axial couplings, see text for further details.
Astrophysical constraints are shown as gray region, while the
parameter space that could lead to displaced decays inside
detector volume, c⌧a < 1m is shown as blue region. Adapted
and updated from Ref. [60].

ALP with anarchic couplings to leptons (i.e., all couplings
to leptons are of similar size), Fig. 1, ii) a leptophilic ALP
that can be a DM candidate, Fig. 2, and iii) the QCD
axion with lepton flavor violating couplings, Fig. 3. The
three benchmarks, along with other ALP models, were
recently discussed in detail in Ref. [60]. Here we fo-
cus on the part of the phenomenology most relevant for
µ
+
! e

+
X.

The effective Lagrangian describing the ALP couplings
to the SM leptons (`i) gluons (Gµ⌫) and photons (Fµ⌫)
is given by1

La = NUV
↵s

8⇡

a

fa
Gµ⌫G̃

µ⌫ + EUV
↵em

4⇡

a

fa
Fµ⌫ F̃

µ⌫

+
X

i,j

@µa

2fa
`i�

µ
⇥
C

V

ij
+ C

A

ij
�5

⇤
`j ,

(1)

where i, j = 1, 2, 3 are generational indices, color indices
are suppressed, and the subscript UV denotes “ultravio-
let”. Since we are mostly interested in processes involv-
ing leptons, the equivalent couplings to quarks are set
to zero. The derivative couplings are a hallmark of the
pseudo Nambu-Goldstone boson (pNGB) nature of the
ALP, i.e., we assume that the shift symmetry is softly
broken only by the ALP mass, ma. All the couplings in
(1) are of dimension 5 and are suppressed by the ALP
decay constant, fa, which can be identified with the scale
of spontaneous symmetry breaking.

1
Note that CV

ii
couplings do not contribute, as can be seen from

equations of motion.

Hill Plestid Zupan ’23

Sensitivities up to ,
 seem to be feasible!

BR(μ → ea) ≈ 10−8

fa ≈ 1010 GeV
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U(1) axiflavon pheno



Axiflavon

Minimal realisation of an old idea by Wilczek of using a subgroup of the 
global U(3)5 flavour symmetry of the SM [as is the PQ U(1)] Wilczek ’82  

• Another puzzle of the SM is the strong CP problem


• The strong CP problem is elegantly solved by a QCD axion 


• The axion field can also provide the correct density of cold DM


• The QCD axion is the PNGB of a colour-anomalous global U(1) 


• Can we identify this symmetry with a Froggatt-Nielsen U(1)?           

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons
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2

For axion masses in the natural range for axion DM,
ma ⇡ (10�3

÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K

+
! ⇡

+
a. Indeed

the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N

are more sensitive to model-dependent O(1) coe�cients

BR(K+
! ⇡

+
a) ' 1.2 ·10�10

⇣
ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c

i
, D

c

i
, Li, E

c

i
have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = a
u

ij
QiU

c

j
H (�/⇤)[q]i+[u]j + a

d

ij
QiD

c

j
H̃ (�/⇤)[q]i+[d]j

+ a
e

ij
LiE

c

j
H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where a
u,d,e

ij
are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

y
u,d,e

ij
= a

u,d,e

ij
✏
[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving y

f

ij
⇠ V̂ijm

f

j
/v, with m

f

i
the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,e

ij
. As we are going to

demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1
p
2
(V� + �

�
e
ia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �
f

ij
aFiF

c

j
+ h.c. , (7)

with

�
u,d,e

ij
= i([L]i + [R]j)

v

V�
y
u,d,e

ij
. (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2
For flavor constraints on a heavy CP-odd flavon and possible

collider signatures see Ref. [17].
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related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
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in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]
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8
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where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6
⇡

5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by
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The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range
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2 [2.4, 3.0] , (15)

or |E
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� 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |
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Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6
⇡ �44, while the

first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as
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while the axion mass induced by the QCD anomaly is
given by [33]
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v
6
! sin3

�
cos3

�
v
6 where tan� = vu/vd is the ratio of

Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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independent of U(1) charges and little sensitive to O(1)s:
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3

÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K

+
! ⇡

+
a. Indeed

the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N

are more sensitive to model-dependent O(1) coe�cients

BR(K+
! ⇡

+
a) ' 1.2 ·10�10

⇣
ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c

i
, D

c

i
, Li, E

c

i
have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = a
u
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j
H (�/⇤)[q]i+[u]j + a

d

ij
QiD
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j
H̃ (�/⇤)[q]i+[d]j

+ a
e
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LiE
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H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where a
u,d,e

ij
are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

y
u,d,e

ij
= a

u,d,e

ij
✏
[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving y

f

ij
⇠ V̂ijm

f

j
/v, with m

f

i
the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,e

ij
. As we are going to

demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1
p
2
(V� + �

�
e
ia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by
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j
+ h.c. , (7)
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. (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
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to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2
For flavor constraints on a heavy CP-odd flavon and possible

collider signatures see Ref. [17].

3

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we have switched to the
standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
mined by the U(1)H charges of SM fermions

N =
1

2

X

i

2[q]i + [u]i + [d]i , (10)

E =
X

i

4

3
([q]i + [u]i) +

1

3
([q]i + [d]i) + [l]i + [e]i , (11)

in the minimal scenario where these are the only states
with chiral U(1)H charge assignments (see a more de-
tailed discussion below). Interestingly, these coe�cients
can be directly related to the determinants of the fermion
mass matrices as [27–29]

detmu detmd = ↵ud v
6
✏
2N

, (12)

detmd/detme = ↵de ✏
8
3N�E

, (13)

where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6
⇡

5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=

8

3
� 2

log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |E
N

� 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |

E

N
� 1.92| 2 [0.07, 7] [32].

Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6
⇡ �44, while the

first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2
[1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV

✓
1012GeV

fa

◆
. (17)

It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v
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6 where tan� = vu/vd is the ratio of

Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
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der to address also the hierarchy problem. Our second as-
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2+1, one has a SU(2) breaking flavon and a U(1) break-
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fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
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breaking flavon contains the axiflavon (and the SU(2) is
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
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while for tan� = 50 the range is slightly increased,
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where the quantities ↵ud = det audet ad and ↵de =
det ad/det ae contain the O(1) uncertainties, given by the
anarchical coe�cients in Eq. (4). Taking fermion masses
at 109 GeV from Ref. [30], one finds detmudetmd/v

6
⇡

5 · 10�20 and detmd/detme ⇡ 0.7, which makes it clear
that up to small model-dependent corrections we have
E = 8/3N and so are close to the simplest DFSZ axion
solution [31]. Indeed the phenomenologically relevant ra-
tio E/N is independent of ✏ and given by

E

N
=
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3
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log detmd
detme

� log↵de

log detmudetmd
v6 � log↵ud

. (14)

The most natural values for the coe�cients are ↵ud =
↵de = 1, in the sense that Yukawa hierarchies are en-
tirely explained by U(1)H charges, giving E/N ⇡ 2.7.
To estimate the freedom from O(1) uncertainties, we sim-
ply take flatly distributed O(1) coe�cients in the range
[1/3, 3] with random sign, resulting in a 99.9% range

E

N
2 [2.4, 3.0] , (15)

or |E
N

� 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |

E

N
� 1.92| 2 [0.07, 7] [32].

Note that the restricted range is due to the suppression
of the second term in Eq. (14) since the denominator
is dominated by log detmudetmd/v

6
⇡ �44, while the

first term in the numerator is log detmd/detme ⇡ �0.36.
Following Ref. [33], we therefore obtain a quite sharp
prediction for the axion-photon coupling, 1

4ga��aF F̃ , as

ga�� 2
[1.0, 2.2]

1016GeV

ma

µeV
, (16)

while the axion mass induced by the QCD anomaly is
given by [33]

ma = 5.7µeV
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It is remarkable that the prediction for E/N in Eq. (15)
is largely insensitive on the details of the underlying fla-
vor model. We therefore briefly review the underlying as-
sumptions that lead to the above results and discuss their
relevance and generality. First of all we are assuming pos-
itive fermion charges. This assumption can be relaxed to
the extent that just the sums of charges in each Yukawa
entry are positive, or equivalently that only � enters in
the e↵ective operators but not �⇤. This assumption fol-
lows naturally from holomorphy of the superpotential, if
we embed the setup into a supersymmetric model in or-
der to address also the hierarchy problem. Our second as-
sumption was that only the fermion fields and the flavon
carry the U(1)H charges. This assumption can be easily
dropped since a possible U(1)H charge for the Higgs, [h],
would simply drop out of Eq. (15), as it would enter as
detmu ! detmu✏

3[h] and detmd,e ! detmd,e✏
�3[h]. Fi-

nally we have assumed that only light fermions contribute
to the QCD and electromagnetic anomalies, i.e., that all
the other fields in the model are either bosons or vector-
like fermions under U(1)H . This is a natural feature of
the FN messengers needed to UV-complete the e↵ective
setup in Eq. (4), see also the explicit UV completions in
Refs. [34, 35].
We also note that the same prediction for E/N holds

in any flavor model where a global, anomalous U(1) fac-
tor determines exclusively the determinant of the SM
Yukawa matrices. For example in U(2) flavor models [36–
39], where the three fermion generations transform as
2+1, one has a SU(2) breaking flavon and a U(1) break-
ing flavon. In the supersymmetric realization, or upon
imposing positive charge sums in the non-SUSY realiza-
tions, one finds texture zeros for the 11, 13 and 31 en-
tries of the Yukawa matrices. The determinant is there-
fore given by the 12, 21 and 33 entries which are SU(2)
singlets and therefore depend only on U(1) charges, re-
sulting in the same prediction for E/N when the U(1)
breaking flavon contains the axiflavon (and the SU(2) is
gauged).
Finally we comment on the modification for the E/N

range in the context of an additional light Higgs dou-
blet, restricting for simplicity to the case of a 2HDM
of Type-II. Then Eq. (12) is modified by the rescaling
v
6
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�
cos3

�
v
6 where tan� = vu/vd is the ratio of

Higgs vevs. Large values of tan� can reduce the suppres-
sion of the model-dependent term in Eq. (14), and we
find essentially the same 99.9% ranges for tan� = 20,
while for tan� = 50 the range is slightly increased,
E/N 2 [2.3, 3.0].

PHENOMENOLOGY

Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
cosmological scales. Assuming that the phase transition
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Compare to DFSZ and KSVZ axions:
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Axiflavon setup

SM fermions-axiflavon couplings proportional to the Yukawas but not aligned:
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Or in the usual derivative form:

non-universal charges  
non-vanishing             

off-diagonal couplings

2

For axion masses in the natural range for axion DM,
ma ⇡ (10�3

÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.

The axiflavon can also be tested by precision flavor
experiments looking for the decay K

+
! ⇡

+
a. Indeed

the flavor violating couplings of the axiflavon to quarks
are also related to quark masses, but in contrast to E/N

are more sensitive to model-dependent O(1) coe�cients

BR(K+
! ⇡

+
a) ' 1.2 ·10�10

⇣
ma

0.1meV

⌘2 ⇣sd

N

⌘2
, (3)

where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
couplings are due to a global horizontal symmetry U(1)H .
The SM Weyl fermion fields Qi, U

c

i
, D

c

i
, Li, E

c

i
have pos-

itive flavor-dependent charges [q]i, [u]i, [d]i, [l]i, [e]i, re-
spectively. Here Qi and Li are the quark and lepton
electroweak doublets, the remaining fields are SU(2)L
singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
plex scalar field � with U(1)H charge of �1. All other
fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
is a scale above U(1)H breaking, implying that fermionic
FN messengers are vector-like under the U(1)H . The
Yukawa sector in the resulting e↵ective theory is then
given by

L = a
u

ij
QiU

c

j
H (�/⇤)[q]i+[u]j + a

d

ij
QiD

c

j
H̃ (�/⇤)[q]i+[d]j

+ a
e

ij
LiE

c

j
H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where a
u,d,e

ij
are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

y
u,d,e

ij
= a

u,d,e

ij
✏
[L]i+[R]j , (5)

where [L]i = [q]i, [R]i = [u]i, [d]i in the quark sectors,
[L]i = [l]i, [R]i = [e]i in the charged lepton sector and we
have defined the small parameter ✏ ⌘ V�/(

p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving y

f

ij
⇠ V̂ijm

f

j
/v, with m

f

i
the SM

fermion masses and V̂ij = Vij for i  j, V̂ij = 1/Vij

for i � j. Here V is the CKM matrix in the quark sector
and the PMNS matrix in the charged lepton sector. The
observed CKM structure is typically obtained for ✏ of the
order of the Cabibbo angle, ✏ ⇠ 0.23. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,e

ij
. As we are going to

demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1
p
2
(V� + �

�
e
ia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �
f

ij
aFiF

c

j
+ h.c. , (7)

with

�
u,d,e

ij
= i([L]i + [R]j)

v

V�
y
u,d,e

ij
. (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
↵s

8⇡

a

fa
GG̃+

E

N

↵em

8⇡

a

fa
FF̃ , (9)

2
For flavor constraints on a heavy CP-odd flavon and possible

collider signatures see Ref. [17].

The axion identified with the Nambu-Goldstone boson of a broken global 
FN U(1), i.e. as the phase of the flavon field        “axiflavon”

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons



Axiflavon phenomenology

Despite the tiny couplings low-energy searches for rare processes are 
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

K+ ! ⇡+a B+ ! K+a µ+ ! e+a

Small rates but strong constraints! Most stringent from Kaons:

Stellar evolution bounds fa > 108 GeV [natural DM window 1010 GeV < fa < 1013 GeV] 


flavour processes mediated by the dynamical flavon very suppressed
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For axion masses in the natural range for axion DM,
ma ⇡ (10�3

÷ 0.1)meV, this region will be tested in
the near future by the ADMX experiment.
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where sd/N ⇠ O(1). In the natural range of axion
DM this decay can be within the reach of the NA62 and
ORKA experiments, depending on the model-dependent
coe�cients. We summarize our results along with the
present and expected experimental constraints in Fig. 1
at the end of this letter.

SETUP

We assume that the masses of the SM fermions come
from the vacuum expectation value (vev) v = 174 GeV
of the SM Higgs H, while the hierarchies of the Yukawa
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spectively. Here Qi and Li are the quark and lepton
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singlets, and i = 1, 2, 3 is the generation index. For sim-
plicity we assume that the Higgs does not carry a U(1)H
charge, so that the flavor hierarchies are explained en-
tirely by the fermion sector. This assumption will be
relaxed below. The U(1)H symmetry is spontaneously
broken at a very high scale by the vev V� of a com-
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fields in the model, the FN messengers, have masses of
O(⇤) & V� � v and can be integrated out. Note that ⇤
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ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
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� =
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The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by
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with
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The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents (FCNCs), which are experimentally well
constrained and will be discussed in the next section2.
Note that several axion models with flavor-violating cou-
plings to fermions have been proposed in the literature,
see e.g. [18–26]. In the axiflavon setup they are directly
related to the SM fermion masses and thus predicted up
to O(1) uncertainties.
The axiflavon couplings to gluons and photons are con-

trolled by the color and electromagnetic anomalies,

L =
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Flavour non-universal local U(1) symmetry generating the hierarchies of 
fermion masses and mixing through the Froggatt-Nielsen mechanism

Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z
0
Z

0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z
0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z
0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z
0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z
0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +Qdi
PR)di+

`i�
µ(QLi

PL +Qei
PR)`i + ⌫̄i�

µ
QLi

PL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z
0
µ

h
u↵�

µ(Cu

L↵�
PL + C

u

R↵�
PR)u� + d↵�

µ(Cd

L↵�
PL + C

d

R↵�
PR)d� +

`↵�
µ(C`

L↵�
PL + C

`

R↵�
PR)`� + ⌫̄↵�

µ
C

⌫

L↵�
PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

C
f

L↵�
⌘ V

f

↵i
QfLi

V
f ⇤
�i

, C
f

R↵�
⌘ W

f

↵i
QfRi

W
f ⇤
�i

. (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.

– 9 –

Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z
0
Z

0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the
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Interactions of the new gauge boson Z’ flavour-violating by construction:

unitary rotations 

to the fermion mass basis

matrices of 

U(1) charges

new U(1) gauge

coupling

Similarly, the branching ratio of the leptonic decays `↵ ! `�Z
0 reads [11, 61, 62] (under

the approximation m`�
⌧ m`↵

):

BR(`↵ ! `�Z
0) =

g
2
F

16⇡ �`↵

m
3
`↵

m
2
Z0

⇣
|C

`

V ↵�
|
2 + |C

`

A↵�
|
2
⌘ 

1 + 2
m

2
Z0

m
2
`↵

! 
1�

m
2
Z0

m
2
`↵

!2

, (4.11)

where for the total lepton widths we use �µ ' m
5
µG

2
F
/(192⇡3), �⌧ ' 2.3⇥ 10�12 GeV [58].

The axial/vector couplings are defined in Eq. (3.5). Using again the charge assignment

in Eq. (2.19) with QL = 0, i.e., a Z
0 with purely RH couplings, we get C

`

V µe
= C

`

Aµe
⇡

(Qe1 �Qe2)W
e

21/2 ⇡ ✏
2
`
⇡ ✏

4.

The relevant experimental searches depend on the Z
0 lifetime. For a given value of

mZ0 , depending on the coupling gF , Z 0 may indeed either decay into lepton pairs inside the

detector or be long-lived enough to escape it, thus giving rise to a missing energy signature.

In the latter case, one can compare the above rates with the limits from searches for an

invisible boson X in kaon decays at NA62 [63] and in B decays at B-factory experiments

(as recast in Ref. [52] from searches for B ! K⌫⌫̄): for mX ⌧ mK/B, these limits are

respectively BR(K+
! ⇡

+
X) < 5⇥ 10�11, BR(B+

! K
+
X) < 7.1⇥ 10�6.

In the lepton sector, limits on ⌧ ! `X have been recently published by Belle II [64]

which, in the light X limit, read BR(⌧ ! eX) < 8.5 ⇥ 10�4, BR(⌧ ! µX) < 6 ⇥ 10�4.

For what concerns the muon decay, since the relevant experimental searches used polarised

beams, the limit on BR(µ ! eX) depends on the angular distribution of the signal, ranging

from 5.8⇥ 10�5 for a (practically) massless boson coupling mainly to LH leptons (thus to

a V �A current) to 2.5⇥ 10�6 if the couplings to RH leptons (hence to a V +A current)

dominate [65, 66], like in our benchmark scenario. For what concerns heavier bosons, the

dependence on mX is mild in the V +A case and the average upper bound is 6⇥10�6 [67],

which is the limit that we employ in the following.

For definiteness, we apply the above limits to the portion of the parameter space where

the Z 0 decay length c⌧Z0 > 1 m, given the typical size of the experimental apparatuses, with

the exception of NA62 for which we take c⌧Z0 > 100 m, where ⌧Z0 = 1/�Z0 and the total Z 0

width is calculated considering the kinematically open decay modes in Eq. (3.8). For larger

values of gF , the lifetime becomes shorter, such that the Z
0 would decay into lepton pairs

inside the detector. In such a case, we can then impose constraints fromK ! ⇡``, B ! ⇡``,

µ ! eee, ⌧ ! µ``, where `` = e
+
e
�
/µ

+
µ
�.9 Lepton decays into Z

0 are thus constrained by

the above mentioned limit on µ
+
! e

+
e
+
e
� and by searches for LFV 3-body ⌧ decays at B

factories, which set limits in the O(10�8) range [58]. For what concerns the meson decays,

in view of the di�culties that a↵ect the SM predictions (owing to long-distance e↵ects)

and/or some mild discrepancies with the data (in the case of the B decays), we adopt for

concreteness the conservative limits BR(K ! ⇡``) < 10�7
, BR(B ! K``) < 10�7, which

correspond to the order of magnitude of the measured branching fractions [58].

The impact of these constraints on the parameter space featuring a light Z
0 is sum-

marised in Figure 1 separately for meson (left plot) and lepton (right plot) processes.

9Our benchmark charge assignment yields BR(Z0 ! µe) . 10�7 for the Z0 LFV decay, which is too

suppressed to give rise to relevant constraints from e.g. searches for K ! ⇡eµ or B ! Keµ.
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In terms of couplings to vector and axial currents, we can then write:

L = gF Z
0
µ

h
f↵�

µ(Cf

V ↵�
+ C

f

A↵�
�5)f�

i
, C

f

V,A
=

C
f

R
± C

f

L

2
. (3.5)

As we can see from Eq. (3.3), flavour-violating Z
0 couplings are typically induced be-

cause di↵erent flavours carry di↵erent U(1)F charges. In fact, because of the unitarity of

the rotation matrices, flavour-violating couplings are proportional to the di↵erence of the

charges of the fermions involved. As a consequence, our Z
0 generally mediates flavour-

changing-neutral-current (FCNC) and lepton-flavour-violating (LFV) processes such as

K � K̄ oscillations, µ ! eee, etc. If Z 0 is light enough (which may occur for gF ⌧ 1),

one should also consider constraints from decays of mesons and leptons into Z
0, such as

K ! ⇡Z
0 and µ ! eZ

0. The resulting flavour bounds are discussed in the next section.

In terms of the couplings defined in Eq. (3.5), the kinematically allowed decay widths

of the Z
0 decaying into fermions read [47]:

�(Z 0
! f↵f�) =

N
f
c g

2
F
mZ0

12⇡

s

1� 2
m

2
f↵

m
2
Z0

� 2
m

2
f�

m
2
Z0

⇥ (3.6)

" 
1�

m
2
f↵

+m
2
f�

2m2
Z0

!⇣
|C

f

V ↵�
|
2 + |C

f

A↵�
|
2
⌘
+ 3

mf↵
mf�

m
2
Z0

⇣
|C

f

V ↵�
|
2
� |C

f

A↵�
|
2
⌘#

,

where the colour factor is Nu,d
c = 3, N `,⌫

c = 1. In particular, the flavour-conserving decay

widths take the form:

�(Z 0
! f↵f↵) =

N
f
c g

2
F
mZ0

12⇡

s

1� 4
m

2
f↵

m
2
Z0

✓
1 + 2

m
2
f↵

m
2
Z0

◆
|C

f

V ↵↵
|
2 +

✓
1� 4

m
2
f↵

m
2
Z0

!
|C

f

A↵↵
|
2

�
.

(3.7)

For a heavy Z
0, the total decay width is then just given by 6

�Z0 =
X

↵,�

⇥
�(Z 0

! u↵u�) + �(Z 0
! d↵d�) + �(Z 0

! `↵`�) + �(Z 0
! ⌫↵⌫�)

⇤
. (3.8)

For simplicity, when considering a light Z 0, we still estimate its lifetime based on the above

perturbative processes, neglecting hadronization and just eliminating the contributions

below threshold. For what concerns light quarks, no contribution from decays into up and

down (strange) quarks is included for mZ0 below the pion (kaon) kinematic threshold.

4 Flavour constraints

In this section, we focus on the most relevant constraints from low-energy processes on FN

models, which are due to the flavour-violating interactions of the FN gauge boson. In prin-

ciple, the flavon ' can also mediate flavour-changing processes. However, its contributions

6A coupling of the Z0 with photons is induced via fermion loops. However, according to the Landau-

Yang theorem [48, 49], a vector boson cannot decay into two photons, which leaves Z0 ! ��� as the leading

Z0 decay into photons. This mode is highly suppressed and only relevant if Z0 is lighter than any fermion

pair it couples to [50] – in our case, mZ0 < 2m⌫1 , or mZ0 < 2me for models featuring no interaction with

neutrinos, that is, QLi = 0.
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Flavour-violating FN Z’

past experiments and an increased sensitivity of several orders of magnitude is expected at

upcoming searches [54]. If mZ0 � mµ the e↵ect is described by e↵ective operators of the

following kind:

(µR�
µ
eR)(eR�µeR) :

g
2
F

m
2
Z0
Qe1(Qe1 �Qe2)W

e

21 , (4.5)

(µR�
µ
eR)(q�µq) :

g
2
F

m
2
Z0
Qq(Qe1 �Qe2)W

e

21 , (4.6)

where q = uL,R, dL,R and we do not consider LFV LH current operators as they van-

ish in the purely anarchical case given by Eq. (2.18). For the charge assignment shown

in Eq. (2.19) (with QL = 0) the current limits on LFV operators (see e.g. [54]) from

BR(µ+
! e

+
e
�
e
+) < 10�12 [55] and CR(µ�Au ! e�Au) < 7 ⇥ 10�13 [56] imply the

following constraints on v�:

µ ! eee : mZ0 & 24
h

gF

10�3

i
GeV () v� & 2.4⇥ 104 GeV , (4.7)

µ ! e in N : mZ0 & 89
h

gF

10�3

i
GeV () v� & 8.9⇥ 104 GeV . (4.8)

As we can see, if the same U(1)F symmetry is responsible for the hierarchies in both quark

and lepton sectors, the most stringent limit on the breaking scale v� is set by K � K̄

observables. In the following sections, we will adopt Eq. (4.3) as the limit on v� in the

regime mZ0 > mB, conservatively assuming that a small CPV phase in the 1-2 quark

rotations somewhat suppresses the Z
0 contribution to ✏K .

4.2 Decays into light Z
0

If Z 0 is light – that is, gF ⌧ 1, mZ0 ⌧ h�i – flavour-violating meson or lepton decays into

an on-shell Z 0 itself (such as B ! KZ
0, K ! ⇡Z

0, µ ! eZ
0 etc.) can be kinematically open

and set the strongest constraints on the FN breaking scale.

In the case of the meson decays K+
! ⇡

+
Z

0 and B
+
! K

+
Z

0, we have [11, 57]:

BR(K+
! ⇡

+
Z

0) =
g
2
F

16⇡ �K

m
3
K

m
2
Z0


�

✓
1,

m
2
⇡

m
2
K

,
m

2
Z0

m
2
K

◆� 3
2

[f+(m
2
Z0)]2|Cd

V sd
|
2
, (4.9)

BR(B+
! K

+
Z

0) =
g
2
F

16⇡ �B

m
3
B

m
2
Z0


�

✓
1,

m
2
K

m
2
B

,
m

2
Z0

m
2
B

◆� 3
2

[f+(m
2
Z0)]2|Cd

V bs
|
2
, (4.10)

where the meson widths are �K ' 5.3 ⇥ 10�17 GeV and �B ' 4.0 ⇥ 10�13 GeV [58], the

kinematic factor is defined as �(x, y, z) ⌘ x
2+y

2+z
2
�2(xy+yz+xz), and the form factors

f+ are to be evaluated at q2 = m
2
Z0 .8 For our benchmark charge assignment the couplings

in Eq. (3.5) result |Cd

V sd
| ⇡ (QQ1 �QQ2)V

d

21/2 ⇡ ✏/2, |Cd

V bs
| ⇡ (QQ2 �QQ3)V

d

32/2 ⇡ ✏
2.

8For mZ0 ⌧ mK,B , this results in f+(0) ' 0.97 [59] for s ! d transitions, and f+(0) ' 0.335 [60] for

b ! s.
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Z’ mediates flavour-violating processes and, 

if light, mesons and leptons can decay into it, e.g.:
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Figure 1. Regions of the mZ0 � gF plane excluded by searches for various rare meson (left) and
lepton (right) decays into a light Z 0 (including the o↵-shell Z 0 case). See the main text for details.

Clearly the former supersede the latter if the same U(1)F is responsible for both quark

and lepton hierarchies. We also note that searches for B and ⌧ decays into an invisible

boson have little or no impact because the Z 0 lifetime is too short in the relevant ranges of

mZ0 , where the visible counterparts of these decays set the strongest bounds. As we can

see, invisible and visible decays are complementary in constraining wide ranges of gF for a

given mZ0 , such that their combination yields the following approximate lower bounds on

the U(1)F breaking scale in the relevant mZ0 ranges:

K
+
! ⇡

+
Z

0 : v� & 8.3⇥ 1010 GeV , B
+
! K

+
Z

0 : v� & 3.0⇥ 107 GeV , (4.12)

µ ! eZ
0 : v� & 1.3⇥ 107 GeV , ⌧ ! `Z

0 : v� & 7.6⇥ 105 GeV . (4.13)

5 Cosmic strings and the gravitational-wave background

The previous sections established the model under consideration as well as its implications

in the context of flavour physics. We now shift gears and consider the possibility of cosmic

strings formation within FN flavour models. More specifically, we are interested in assessing

the detectability of the resulting GWB signal from the cosmic strings [68–77] using next-

generation GW detectors. The goal is to identify any complementarity of the regions of

the parameter space attainable with GW detectors and the flavour searches outlined in the

previous sections. We first describe the FN phase transition and the associated formation

of cosmic strings. Subsequently, we investigate the dependence of the string width and its

tension, two of the key quantities that determine the GWB spectrum, on the fundamental

parameters of the model. We then comment on the resulting GWB spectrum induced by

the cosmic strings, and conclude by exploring the cosmic string parameter space to assess

the detectability of such signals with next-generation GW detectors.

5.1 The FN phase transition and the formation of cosmic strings

In the following, we assume that the reheating temperature after inflation is higher than

the FN breaking scale v�, and hence the FN U(1)F symmetry is restored at the highest
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The previous sections established the model under consideration as well as its implications

in the context of flavour physics. We now shift gears and consider the possibility of cosmic

strings formation within FN flavour models. More specifically, we are interested in assessing

the detectability of the resulting GWB signal from the cosmic strings [68–77] using next-

generation GW detectors. The goal is to identify any complementarity of the regions of

the parameter space attainable with GW detectors and the flavour searches outlined in the

previous sections. We first describe the FN phase transition and the associated formation

of cosmic strings. Subsequently, we investigate the dependence of the string width and its

tension, two of the key quantities that determine the GWB spectrum, on the fundamental

parameters of the model. We then comment on the resulting GWB spectrum induced by

the cosmic strings, and conclude by exploring the cosmic string parameter space to assess

the detectability of such signals with next-generation GW detectors.

5.1 The FN phase transition and the formation of cosmic strings

In the following, we assume that the reheating temperature after inflation is higher than

the FN breaking scale v�, and hence the FN U(1)F symmetry is restored at the highest
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Neglecting loop-induced couplings to SM gauge bosons, which also stem from the scale-

suppressed interactions with fermions discussed above, the total decay width of a heavy

flavon is then given by

�' = �(' ! Z
0
Z

0)+
X

↵,�

⇥
�(' ! u↵u�) + �(' ! d↵d�) + �(' ! `↵`�)

⇤
+

X

↵,�

⇥
�(' ! u↵u�h) + �(' ! d↵d�h) + �(' ! `↵`�h)

⇤
. (2.32)

In practice, if the decay mode ' ! Z
0
Z

0 is not open, the flavon will mostly decay to the

heaviest flavours that are kinematically accessible, in particular ' ! tc(h) and ' ! bb̄(h).5

This is a consequence of the hierarchy of the interactions in Eq. (2.24), which follows the

hierarchy of the SM Yukawas.

3 The Froggatt-Nielsen Z 0

Henceforth, we focus on a model with a local flavour symmetry. Note that the above

benchmark charge assignments are anomalous. Nevertheless, gauge anomalies could be

taken care of by the model’s UV completion or within a dark sector of the theory. For

explicit realisations of the former mechanism, see Refs. [11, 45, 46]. If the U(1)F is local,

the theory will include a Z
0 gauge boson with mass

mZ0 =
p
2 gF h�i = gF v� , (3.1)

where gF is the U(1)F gauge coupling. Throughout the paper, we assume the kinetic

mixing between the U(1)F and the hypercharge gauge bosons to be negligible. Hence, the

couplings of this flavoured Z
0 to the SM fields are only controlled by the FN charges and

gF . Given the pattern of charges needed to reproduce the observed Yukawas (shown in the

previous section), the Z 0 will preferably couple to lighter generations. Specifically, we have

the following Z
0 interactions with quark and lepton fields before EW symmetry breaking:

L = gF Z
0
µ

⇥
ui�

µ(QQi
PL +Qui

PR)ui + di�
µ(QQi

PL +Qdi
PR)di+

`i�
µ(QLi

PL +Qei
PR)`i + ⌫̄i�

µ
QLi

PL⌫i

⇤
. (3.2)

After EW symmetry breaking, we rotate the fields from the interaction basis to the mass

basis by means of the matrices in Eq. (2.5) thus obtaining:

L = gF Z
0
µ

h
u↵�

µ(Cu

L↵�
PL + C

u

R↵�
PR)u� + d↵�

µ(Cd

L↵�
PL + C

d

R↵�
PR)d� +

`↵�
µ(C`

L↵�
PL + C

`

R↵�
PR)`� + ⌫̄↵�

µ
C

⌫

L↵�
PL⌫�

i
, (3.3)

where the (hermitian) coupling matrices read:

C
f

L↵�
⌘ V

f

↵i
QfLi

V
f ⇤
�i

, C
f

R↵�
⌘ W

f

↵i
QfRi

W
f ⇤
�i

. (3.4)

5Note that the flavon coupling to tt̄ vanishes in the interaction basis, since QQ3 = Qu3 = 0. Therefore,

it is suppressed by a t-c rotation in the mass eigenstate basis.
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Flavour processes set stringent lower bounds on the U(1) breaking scale

<latexit sha1_base64="+ucbcGLdLtYWFYdCFW7a4On+ya0="></latexit>

K � K̄ mix. : v� & 6.5⇥ 105 GeV

see also Smolkovič Tammaro Zupan '19

Meson decays into Z’ Lepton decays into Z’

light Z’

heavy Z’

Blasi LC Mariotti Turbang '24

https://arxiv.org/abs/1907.10063
https://arxiv.org/abs/2410.08668
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What if the U(1) breaking occurs at higher energies?


A new promising direction: gravitational waves (GW)

Kibble '76 (for a review: Vilenkin Shellard '00)

• After inflation, the universe reheats with TRH > v𝜙


• At T ~ v𝜙  the universe undergoes a 2nd order phase transition

Key assumptions:

FN U(1) unbroken in the early universe

gauge strings form

U(1) breaking → cosmic strings → emission of a GW background!
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What if the U(1) breaking occurs at higher energies?


A new promising direction: gravitational waves (GW)

Kibble '76 (for a review: Vilenkin Shellard '00)

• After inflation, the universe reheats with TRH > v𝜙


• At T ~ v𝜙  the universe undergoes a 2nd order phase transition

Key assumptions:

FN U(1) unbroken in the early universe

gauge strings form

U(1) breaking → cosmic strings → emission of a GW background!

String tension (energy per unit length):

Figure 3. Width of the string profile w (blue), as encoded by W (�) in Eq. (5.9), and the string
tension µ (orange), as given by B(�) in Eq. (5.8), as a function of the mass ratio � = m

2
�/m

2
Z0 .

where B0 is the magnetic field associated to U(1)F and hence |B0
|
2 =

��� n

gF r

d↵

dr

���
2
. In practice,

it can be shown that this expression reduces to a simple form, which again only depends

on the ratio of the masses through �:

Gµ =
⇡v

2
�

8⇡M2
p

B(�) (5.8)

where Mp is the Planck mass, G denotes the Newton’s constant, v� is the vev defined in

Eq. (2.22), and B(�) is a slowly-varying function of �. This is illustrated in Figure 3 with

the orange line.

The numerical solution can also be employed to study the width of the string as a

function of the fundamental parameters. This is relevant since, as we will discuss below, a

large width can impact the GW spectrum at high frequencies. To quantify the scaling of

the string width w with �, we consider the numerical solution for the string profile and we

define the width as the coordinate value where the scalar field attains the value (1� 1/e)

times its vev. We then express the width of the string as

w =
1

m�

W (�), (5.9)

where W (�) is obtained numerically and shown by the blue line in Figure 3. As visible also

in Figure 2 (left), the width of the string scales with ⇠ 1/m' and can be significantly larger

than the tension length scale 1/v�. This is also supported by the result for the string width

in Figure 3, where we note that w indeed approximately scales as ⇠ 1/(mZ0
p
�) ⇠ 1/m'.

5.3 Gravitational waves from cosmic strings

The strings are expected to generate GWs through various mechanisms, resulting in a

gravitational-wave background (GWB). Such a GWB is usually expressed in terms of the

dimensionless energy density:

⌦gw(f) =
f

⇢c

d⇢gw

df
, (5.10)
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it grows quadratically with the U(1) breaking scale

String loops and string network collisions emit GWs 

stochastic GW background with frequency spectrum

where f is the GW frequency and ⇢c is the critical energy density of the Universe. To

compute the GWB spectrum expected from cosmic strings [82–85], one can rely on the

velocity-dependent one-scale model, which predicts [86–90]:

⌦gw(f) =
1X

k=1

⌦(k)
gw(f) =

8⇡

3H2
0

(Gµ)2f
1X

k=1

Ck(f)Pk, (5.11)

where H0 is the Hubble rate today, G denotes the Newton’s constant, and µ is the string

energy per unit length, i.e. the tension of the string, as defined in Eq. (5.8). The above

power spectrum at each frequency f receives contributions from the various harmonics of

the string loops, indicated by the index k. The power corresponding to each harmonic, Pk,

is given by Pk = �/kq/⇣(q), for which we assume a cusp–dominated GW emission leading

to q = 4/3. The normalization constant � is obtained by matching the total emitted power

to the results from numerical simulations, � =
P

k
Pk ' 50 [70, 91].

Additionally, the function Ck(f) is given by

Ck(f) =
2k

f2

Z
t0

tscl

dt⇥(t)

✓
a(t)

a(t0)

◆5

n(`k, t), (5.12)

where n(`k, t) is the number density at the time t of loops with length lk, a(t) is the cosmic

scale factor, and ⇥(t) is a Heaviside function for which the explicit expression is given

below. The number density evaluates to

n(`k, t) =
F

t
4
k

✓
a(tk)

a(t)

◆3
Ce↵(tk)

↵(↵+ �Gµ)
, (5.13)

where Ce↵(tk) takes into account whether loops are formed in radiation domination, Ce↵ '

5.4, or in matter domination, Ce↵ ' 0.39, and F ' 0.1 is an e�ciency factor [92, 93].

The time tk corresponds to the formation of the loop whose k-th harmonic contributes the

present–day frequency f , and is given by

tk =
`k/t+ �Gµ

↵+ �Gµ
, `k =

2k

f

a(t)

a(t0)
. (5.14)

The expression above assumes that, at every time during the evolution of the network,

loops are formed with a single length scale given by a constant fraction ↵ of the horizon

at formation, with ↵ ' 0.1 from numerical simulations, and that they shrink only due to

energy lost in GWs.

In addition, several Heaviside functions enforce a consistent evolution of the string

loops:

⇥(t) = ✓(t0 � tk)✓(tk � tscl)✓(↵� `k/t), (5.15)

where t0 corresponds to present–today time, and tscl indicates the moment when the string

network enters the scaling regime. Throughout our analysis we will evaluate the scale

factor a(t) based on the number of e↵ective degrees of freedom, as given by [94].

The summation over the various harmonics can be simplified by noticing that the k-th

contribution is related to the fundamental mode as

⌦(k)
gw(f) =

1

kq
⌦(1)
gw(f/k). (5.16)
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Larger signal for larger tension (higher U(1) breaking scales)
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temperature attained in the early Universe.

We do not specify the details of the FN phase transition (PT), simply assuming that

at a critical temperature Tc the flavon field � undergoes a second order PT developing a

vev v�. As mentioned, by construction, � has O(1) couplings with the FN messenger fields,

which are charged under the SM gauge symmetries and are thus present in the thermal

bath down to temperatures of the order of their mass, ⇤ ⇠ v�. As a consequence, we

expect that thermal corrections induced by FN messenger loops set the FN PT at Tc ⇠ v�.

Under the above assumptions, at the temperature Tc ⇠ v� the U(1)F symmetry is

broken and gauge strings are formed in the Universe through the Kibble mechanism. The

string network rapidly approaches the scaling regime where O(1) strings per Hubble volume

are present. A gravitational wave background is then generated by the motion and the

contraction of string loops as we will review in the following – see [12] for a review of

cosmic strings.

Besides the presence of the cosmic string network, we would like to comment on the

expected abundance of the FN sector particles. The abundance of the FN messenger fields

drops when T goes below ⇤ ⇠ v�, and then they decay through their mixing with SM fields.

The FN complex scalar is in thermal equilibrium around Tc, due to its sizeable couplings

to the messengers, hence providing at least a thermal abundance of Z 0 and of the flavon '

(the radial mode of �) after the PT. Depending on the gauge coupling, the Z
0 could be in

thermal equilibrium also after Tc. In any case, both Z
0 and the flavon are produced by the

string network and could have a non-negligible abundance in the early Universe. For these

reasons, to be conservative, we will require that both the Z
0 and the flavon ' decay faster

than 0.1 sec to comply with bounds from Big Bang Nucleosynthesis (BBN), see e.g. [78],

computing the lifetimes of these particles as discussed in Sections 2.3 and 3.10

Finally, we checked that the oscillations of the FN scalar around the minimum do not

lead to an early epoch of matter domination – which may result in a dilution of the GWB

signal [80] – within the parameter space we are interested in, see Appendix A for details.

5.2 String profile and its properties

The first aspect to investigate is how the shape of the profile, the tension and the width of

the string vary as functions of the parameters of the model. In this subsection, we hence
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where Dµ = @µ � igFZ
0
µ, F

0
µ⌫ is the field strength associated with the gauge field Z

0
µ, and

the parameter ⌘ is related to the vev defined in Eq. (2.22) through ⌘ = v�/
p
2. From this

Lagrangian, the following equations of motion can be derived:
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10We also refer to Ref. [79] where the cosmology of FN models and, in particular, BBN bounds on

late-time flavon decays are discussed.
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EoM:

Figure 2. Scalar (left) and gauge (right) field profiles, g(r) and ↵(r), respectively, for di↵erent
values of the � parameter, as denoted by the di↵erent colours. Each of the field profiles is given as
a function of the radius in units of the appropriate mass, i.e. the scalar mass m� for the scalar field
profile g(r), and the gauge boson mass mZ0 for the gauge boson profile ↵(r). The vertical, dashed
lines on the left-hand side denote the intersection of each scalar field profile with the 1� 1/e line,
indicating the width of the string.
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Subsequently, we look for static, cylindrically-symmetric solutions to the equations of mo-

tion in Eq. (5.2), i.e. cosmic strings, of the form:
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g(r) , Z
0
s,✓

(r) = �
n

gF r
↵(r) , (5.5)

where the polar coordinates r2 = x
2 + y

2 and ✓ describe the cylindrical string along the z

axis, and n is the winding number (taken equal to 1 in the following). According to the

coordinate rescaling in Eq. (5.3) and the above ansatz for the field profile, the equations

of motion can be rewritten in the following form:
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These equations can be solved numerically, as illustrated by the scalar and gauge field

profiles provided in Figure 2 for di↵erent values of the � parameter. The solution can be

used to compute the tension of the string µ:
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Figure 2. Scalar (left) and gauge (right) field profiles, g(r) and ↵(r), respectively, for di↵erent
values of the � parameter, as denoted by the di↵erent colours. Each of the field profiles is given as
a function of the radius in units of the appropriate mass, i.e. the scalar mass m� for the scalar field
profile g(r), and the gauge boson mass mZ0 for the gauge boson profile ↵(r). The vertical, dashed
lines on the left-hand side denote the intersection of each scalar field profile with the 1� 1/e line,
indicating the width of the string.
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Figure 2. Scalar (left) and gauge (right) field profiles, g(r) and ↵(r), respectively, for di↵erent
values of the � parameter, as denoted by the di↵erent colours. Each of the field profiles is given as
a function of the radius in units of the appropriate mass, i.e. the scalar mass m� for the scalar field
profile g(r), and the gauge boson mass mZ0 for the gauge boson profile ↵(r). The vertical, dashed
lines on the left-hand side denote the intersection of each scalar field profile with the 1� 1/e line,
indicating the width of the string.
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What if the U(1) breaking occurs at higher energies?


A new promising direction: gravitational waves (GW)

U(1) breaking → cosmic strings → emission of a GW background!



Cosmic strings and gravitational waves

Lorenzo Calibbi (Nankai U) Flavoured Gauge and Goldstone bosons

Numerical solutions for the string width and tension: 

Figure 3. Width of the string profile w (blue), as encoded by W (�) in Eq. (5.9), and the string
tension µ (orange), as given by B(�) in Eq. (5.8), as a function of the mass ratio � = m

2
�/m

2
Z0 .

where B0 is the magnetic field associated to U(1)F and hence |B0
|
2 =

��� n

gF r

d↵

dr

���
2
. In practice,

it can be shown that this expression reduces to a simple form, which again only depends

on the ratio of the masses through �:

Gµ =
⇡v

2
�

8⇡M2
p

B(�) (5.8)

where Mp is the Planck mass, G denotes the Newton’s constant, v� is the vev defined in

Eq. (2.22), and B(�) is a slowly-varying function of �. This is illustrated in Figure 3 with

the orange line. Note that constraints from the Cosmic Microwave Background (CMB)

limit the maximal value of the string tension to be Gµ < 10�7 [82–84].

The numerical solution can also be employed to study the width of the string as a

function of the fundamental parameters. This is relevant since, as we will discuss below, a

large width can impact the GW spectrum at high frequencies. To quantify the scaling of

the string width w with �, we consider the numerical solution for the string profile and we

define the width as the coordinate value where the scalar field attains the value (1� 1/e)

times its vev. We then express the width of the string as

w =
1

m�

W (�), (5.9)

where W (�) is obtained numerically and shown by the blue line in Figure 3. As visible also

in Figure 2 (left), the width of the string scales with ⇠ 1/m' and can be significantly larger

than the tension length scale 1/v�. This is also supported by the result for the string width

in Figure 3, where we note that w indeed approximately scales as ⇠ 1/(mZ0
p
�) ⇠ 1/m'.

5.3 Gravitational waves from cosmic strings

The strings are expected to generate GWs through various mechanisms, resulting in a

gravitational-wave background (GWB). Such a GWB is usually expressed in terms of the
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Figure 2. Scalar (left) and gauge (right) field profiles, g(r) and ↵(r), respectively, for di↵erent
values of the � parameter, as denoted by the di↵erent colours. Each of the field profiles is given as
a function of the radius in units of the appropriate mass, i.e. the scalar mass m� for the scalar field
profile g(r), and the gauge boson mass mZ0 for the gauge boson profile ↵(r). The vertical, dashed
lines on the left-hand side denote the intersection of each scalar field profile with the 1� 1/e line,
indicating the width of the string.
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These equations can be solved numerically, as illustrated by the scalar and gauge field

profiles provided in Figure 2 for di↵erent values of the � parameter. The solution can be
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µ =

Z 1

0

Z 2⇡

0
rdrd✓

 ����
@�

@r

����
2

+

����
1

r

@�

@✓
� igFZ

0
✓
�

����
2

+ V (�) +
|B0

|
2

2

!
, (5.7)

– 16 –



Illustrative GW spectra
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Figure 4. Example of GWB spectra for two benchmark points, labeled BP1 and BP2, as introduced
in Eq. (5.22) and denoted by a square and a star in the parameter space depicted in Figure 5. The
dashed lines denote the GWB spectra computed without taking into account the cut introduced
due to the onset of dominant particle radiation, i.e. as in Eq. (5.15), while the full lines take this cut
into account, as captured by Eq. (5.20). Coloured, shaded regions denote the power-law integrated
sensitivity curves for several GW experiments, as obtained from [104, 105].

This corresponds to a high-frequency cuto↵ in the GW spectrum given by [100]:

fcut =

✓
8H0

p
⌦R

lc�Gµ

◆1/2

' 0.0356

✓
Gµ

10�10

◆1/2✓GeV�1

w

◆1/2

Hz, (5.21)

where ⌦R = 9.1476⇥ 10�5 is the radiation density [103].

To illustrate the e↵ect of this cut, we consider two benchmark points,

BP1 : mZ0 = 2 · 102 GeV, gF = 10�9
, � = 1,

BP2 : mZ0 = 107 GeV, gF = 10�7
, � = 1,

(5.22)

in our parameter space of interest and compute the expected GWB spectrum from cosmic

strings, both with and without the additional frequency cut due to the onset of dominant

particle production. This is shown in Figure 4, which illustrates that the e↵ect of this

additional cut can a↵ect the GWB spectrum. However, one notes that depending on the

actual value of the frequency cut, the conclusion regarding potential detectability of the

GWB signal could remain unaltered, provided the frequency cut happens at large enough

frequencies.

6 Combined GW sensitivity and flavour constraints

We now use the formalism discussed above to explore the detectability of GWB signals

originating from cosmic strings using future generation GW experiments. In this regard,
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Figure 4. Example of GWB spectra for two benchmark points, labeled BP1 and BP2, as introduced
in Eq. (5.22) and denoted by a square and a star in the parameter space depicted in Figure 5. The
dashed lines denote the GWB spectra computed without taking into account the cut introduced
due to the onset of dominant particle radiation, i.e. as in Eq. (5.15), while the full lines take this cut
into account, as captured by Eq. (5.20). Coloured, shaded regions denote the power-law integrated
sensitivity curves for several GW experiments, as obtained from [104, 105].
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where ⌦R = 9.1476⇥ 10�5 is the radiation density [103].
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Figure 4. Example of GWB spectra for two benchmark points, labeled BP1 and BP2, as introduced
in Eq. (5.22) and denoted by a square and a star in the parameter space depicted in Figure 5. The
dashed lines denote the GWB spectra computed without taking into account the cut introduced
due to the onset of dominant particle radiation, i.e. as in Eq. (5.15), while the full lines take this cut
into account, as captured by Eq. (5.20). Coloured, shaded regions denote the power-law integrated
sensitivity curves for several GW experiments, as obtained from [104, 105].
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Figure 5. Parameter space scan of (mZ0 , gF ) for the mass ratio benchmark � = 1. Full lines,
together with their coloured regions, denote regions of the parameter space detectable by GW
experiments with the onset of dominant particle production taken into account, i.e. obtained using
Eq. (5.20) (BBO in yellow, LISA in pink, and ET in purple). Conversely, the region below the
coloured dashed lines indicate the detectability region without accounting for the frequency cut,
namely by using Eq. (5.15). The green region denotes part of the parameter space where the
lifetime of the flavon ' is longer than 0.1 s, potentially interfering with BBN. The grey-shaded
region depicts the parameter space excluded by the flavour constraints discussed in Section 4. The
two benchmark points from Eq. (5.22) are also represented by a star and a square, as in Figure 4.
The regions below the red solid lines are excluded by CMB and PTA data.

we notice that our type of stable cosmic strings is constrained by current Pulsar Timing

Array data, which set a bound on the string tension as stringent as Gµ < 10�11 [16].

We then consider the Einstein Telescope (ET) [106–109], the Laser Interferometer Space

Antenna (LISA) [110, 111], and the Big Bang Observer (BBO) [112], although our results

could easily be generalised to other GW experiments. For each point in the (mZ0 , gF ) plane,

the expected GWB spectrum is computed by means of Eq. (5.11), using Eq. (5.20) when

the extra cut due to particle production is applied, or using Eq. (5.15) when neglecting this

additional cut. This spectrum is then compared to the power-law integrated (PI) sensitivity

curve [113] to obtain an indication of its detectability considering the sensitivities of these

future detectors. For each of the experiments, we used the PI curves provided in Ref. [104].

Two di↵erent values of the mass ratio �, defined in Eq. (5.4), are considered below,

corresponding to a case where the gauge boson mass and the scalar mass are of the same

order of magnitude (� = 1), and one where the gauge boson is substantially lighter than

the scalar (� = 103). We do not consider the case where the opposite is true, since it

would imply some extra tuning in the scalar mass, and also it does not lead to any new

phenomenological features.
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Figure 6. Parameter space scan of (mZ0 , gF ) for the large mass ratio benchmark where � = 103.
The green region denotes part of the parameter space where the Z

0 lifetime is longer than 0.1 s,
potentially interfering with BBN. The other coloured regions are as in Figure 5.

The detectability region of future GW experiments is illustrated in Figure 5 and Fig-

ure 6 for the � = 1 and � = 103 case, respectively, as a function of the Z
0 boson mass mZ0

and gauge coupling gF . Both figures show coloured regions corresponding to portions of

the parameter space where the expected GWB signal from cosmic strings is large enough

to be detectable by the next-generation GW experiments. Note that although not explic-

itly shown, other experiments such as the Square Kilometer Array (SKA) [114] and the

AEDGE experiment [105] display similar detectability regions.

For each case, we consider two possible scenarios. Using dashed lines, we show the

parameter space that can be probed without implementing the cut on the GW spectrum

possibly originating from a large string width and the resulting particle emission. Con-

versely, when we implement the modification to the spectrum due to the string width as

explained in Section 5.3, we illustrate the e↵ect on the detectability of the signal as full

lines. In both cases, the signal associated to any of the parameter space that lies below the

coloured line is potentially detectable with the GW experiment under consideration. As

the figures show, the di↵erence between the two scenarios is particularly relevant only in

the bottom-left part of the (mZ0 , gF ) plane, where the combination mZ0
p
� ⇠ m' is small

and hence the width of the strings is large.

In Figure 5, we also show two benchmark points, defined in Eq. (5.22), that illustrate

the e↵ect of taking into account the particle emission from strings, which suppresses the

GWB signal above some characteristic frequency. These are represented by a square and

a star, which refer to the corresponding spectra depicted in Figure 4. In particular, we

note that the benchmark point denoted by the star falls within the sensitivity of the ET

only if we neglect the frequency cut discussed above, otherwise this part of the parameter
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SU(2) boson decays into SM fermions
Eq. (25), when kinematically allowed, the widths for the W

0 decays into fermions read:
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where N
f
c is the color factor of the fermion f . For heavy W

0, the total decay width is then

�W
0
i
=
X

↵,�

⇥
�(W 0

i ! u↵u�) + �(W 0
i ! d↵d�) + �(W 0

i ! `↵`�) + �(W 0
i ! ⌫↵⌫�)

⇤
. (27)

It is understood that contributions below the kinematic threshold have to be eliminated.
This expression is valid only for mW 0 � ⇤QCD. Nevertheless, for simplicity, we are going
to employ it also to estimate the lifetime of a lighter W

0, hence neglecting hadronization
e↵ects.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 e↵ects we are
neglecting become particularly relevant for mW 0 . ⇤QCD ⇡ 1GeV. On the other hand, as
we will see, light gauge bosons—especially below the threshold of W

0
! µe, that is, for

mW 0 . mµ—are always long-lived enough to escape detection in a typical particle physics
experiment detector, hence the precise value of their lifetime does not a↵ect our analysis.
In other words, our simplifying assumption is a source of inaccuracy only within the limited
regime 0.1GeV . mW 0 . 1GeV.

4 SU(2)F pseudo Nambu-Goldstone bosons

We now introduce the second case of a global SU(2)F featuring, besides the axiflavon, the
three additional Nambu-Goldstone bosons ⇡0

i
defined in Eqs. (10) and (11). In the following,

we assume them to be massive PNGBs due to small explicit SU(2)F breaking. Specifically,
we introduce an explicit soft symmetry-breaking term in the scalar potential:

�V = m
2

⇡0(�†
�3�) , (28)

where �3 denotes the third Pauli matrix. Substituting Eq. (10) into this expression, mass
terms for the SU(2)F PNGBs arise such that m⇡

0
1
= m⇡

0
2
= m⇡0 , m⇡

0
3
= m⇡0/ sin ✓ where we

have taken into account the mixing (sin ✓ ⌘ v�/

q
v
2

�
+ v2�) with U(1)F PNGB as in Eq. (11).

We can also assume this breaking term to arise from Planck-suppressed operators of the form

(�†
�
3
�)(�†

�)n with n > 1, such that m
2

⇡0 ⇠ (v�)2n/M
2(n�1)

Pl
, where MPl ' 1.22 ⇥ 1019 GeV

denotes the Planck scale. This assumption is consistent with the commonly accepted notion
that quantum gravity e↵ects break any global symmetry—cf. [46] for a recent review. In
either case, we treat m⇡0 as a free parameter throughout the rest of the paper.

By substituting the full form of the flavon �, written as in Eq. (10), into the e↵ective
Yukawa Lagrangian, Eqs. (2)-(4), one can obtain the interactions between the PNGBs and the

5
In addition, decays of massive vectors into three photons or gluons are induced by fermion loops at highly

suppressed rates— see e.g. [45]— such that they can be safely neglected in the kinematic regime we consider

in the following, where at least W 0
i ! e+e� is always kinematically allowed.

10

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 ! e
i(e⇡1�1+e⇡2�2+e⇡0

3(x)�3)ab/v�e
�iea/v�Qb (a, b = 1, 2), (29)

(with e⇡3(x) /v� = e⇡0
3
(x) /v� + ea(x) /v�) 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:
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f i

A↵�
�5

⌘
f�

i
, (30)

where the coupling matrices Ĉf 1,2

V/A
= C

f 1,2
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, that is, they are the same as those appearing in

Eq. (25), while the couplings of ⇡0
3
are modified by the mixing in Eq. (11) such that:
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where sin ✓ ⌘ v�/

q
v
2

�
+ v2� ' 0.32.

In terms of the above couplings, the widths of the kinematically allowed ⇡
0
i
decays read
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where N
f
c is the color factor and z± = 1 � (mf↵

±mf�
)2/m2

⇡0 . For heavy PNGBs, the total
decay width is thus given by:
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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. Similarly to
the W 0 case discussed in the previous section, we use this perturbative expression to estimate
the order of magnitude of the ⇡0 lifetime also for values of m⇡0 for which hadronization e↵ects
should be taken into account, expecting this simplifying assumption to be source of inaccuracy
only within the limited regime 0.1GeV . m⇡0 . 1GeV.

5 Phenomenological implications of the new flavored bosons

We now discuss the most relevant constraints from low-energy FCNC and LFV processes on
the considered U(2)F flavor model. To summarize, in the global SU(2)F symmetry case,
the theory features four PNGBs, a (the axiflavon) and ⇡

0
i
(i = 1, 2, 3), whereas in the local

symmetry case, the new bosons are the gauge bosonsW 0
i
(i = 1, 2, 3) and again the axiflavon a.

When discussing general e↵ects, we refer to these fields collectively as X.
In both scenarios, flavor-violating couplings of the U(2)F bosons with SM fermions are

naturally induced by the structure of the symmetry. In particular, SU(2)F ⇢ U(2)F leads to
unsuppressed flavor violation involving the first two fermion generations. In addition, flavor-
violating processes have a mild dependence on the O(1) coe�cients of the model and, in the
case of those mediated or involving the axiflavon, the U(1)F charges of the SM fermions.
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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. Similarly to
the W 0 case discussed in the previous section, we use this perturbative expression to estimate
the order of magnitude of the ⇡0 lifetime also for values of m⇡0 for which hadronization e↵ects
should be taken into account, expecting this simplifying assumption to be source of inaccuracy
only within the limited regime 0.1GeV . m⇡0 . 1GeV.

5 Phenomenological implications of the new flavored bosons

We now discuss the most relevant constraints from low-energy FCNC and LFV processes on
the considered U(2)F flavor model. To summarize, in the global SU(2)F symmetry case,
the theory features four PNGBs, a (the axiflavon) and ⇡
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(i = 1, 2, 3), whereas in the local

symmetry case, the new bosons are the gauge bosonsW 0
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When discussing general e↵ects, we refer to these fields collectively as X.
In both scenarios, flavor-violating couplings of the U(2)F bosons with SM fermions are

naturally induced by the structure of the symmetry. In particular, SU(2)F ⇢ U(2)F leads to
unsuppressed flavor violation involving the first two fermion generations. In addition, flavor-
violating processes have a mild dependence on the O(1) coe�cients of the model and, in the
case of those mediated or involving the axiflavon, the U(1)F charges of the SM fermions.
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PNGB relatively more long-lived, searches 
for visible final states less important


