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Introduction

SM flavour puzzle We need to find the 
scale of New Physics!

• Why three families? 

• Why the hierarchies? 

  (e.g. mt /me = 3.4 x 105 )

• LHC found a SM-like Higgs 

• No evidence of new phenomena 

• We know there is new physics  
somewhere (DM, neutrino masses, 
baryogenesis etc.) 
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Why are we interested in Flavour 
Physics?



SM flavour puzzle

Hierarchy of SM fermion masses and mixing

Up quarks:

Down quarks:

CKM matrix

Hints for an organizing principle: is there a dynamical explanation?
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Froggatt-Nielsen flavour models

• SM fermions charged under a new horizontal symmetry GF  

• GF forbids Yukawa couplings at the renormalisable level 

• GF spontaneously broken by “flavons” vevs  

• Yukawas arise as higher dimensional operators

small exp. parameter 

Froggatt Nielsen ‘79

What is GF ?

Leurer Seiberg Nir ’92, ‘93
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 dictated by the symmetry



Froggatt-Nielsen flavour models

GF abelian or non-abelian, continuous or discrete  

U(1), U(1)xU(1), SU(2), SU(3), SO(3), A4 …

Chankowski et al. ‘05U(1) example

M can be interpreted as the mass scale of new degrees of freedom: 
the “flavour messengers”

Froggatt Nielsen ’79; Leurer Seiberg Nir ’92, ’93; Ibanez Ross ’94; Dudas Pokorski Savoy ’95;                                
Binetruy Lavignac Ramond ’96; Barbieri Dvali Hall ’95; Pomarol Tommasini ’95; Berezhiani Rossi '98; King Ross ’01; 
Ma ’02; Altarelli Feruglio ’05... 
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• Effective Yukawas imply fermion-flavon couplings  

• Generically flavour violating 

• FCNC induced at tree-level, but suppressed by small quark masses, e.g.: 

• What if the flavour symmetry is local? 

 

How light can the flavour dynamics be?
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Low-energy flavour models

Leurer Seiberg Nir ’92, ’93



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 

 



U(1) example:
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FCNC bounds on FN models

TeV-scale flavons are possible!

(indirect bounds from messenger sector)
LC Lalak Pokorski Ziegler ‘12
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Figure 3. Schematic diagrams responsible for the arising of flavour-violating operators.

generating the mixing between light and heavy states and do not a↵ect the minimal flavour

e↵ects we are going to discuss in the next section. The relevant interactions can be readily

seen in figures 1 and 2. In particular, in the case of FUVC we have couplings among

(mainly) light and heavy fermions of the schematic form:

L � ↵Q qLiQR↵ �I + ↵D DL�dRj �J + h.c., (2.2)

while in the HUVC we are only interested in interactions involving SM fermions and

Higgs messengers:

L � �D
ij qLidRj H↵ + h.c. (2.3)

Since the hierarchy is supposed to arise from the flavour symmetry breaking alone, we can

assume that all dimensionless couplings in the fundamental Lagrangian are O (1). A more

detailed discussion of the structure of the messenger sector is presented in [4].

2.1 Model-universal FCNC e↵ective operators

We now want to derive the e↵ective flavour-violating operators that arise from messenger

exchange independently of the details of the particular flavour model. For this we consider

flavour-conserving operators, which then induce FCNC e↵ects in the mass basis that only

depend on light rotation angles.

Let us first assume the presence of a coupling in the messenger Lagrangian of the form

L � ↵ fLiXRY, (2.4)

where ↵ ⇠ O (1), fLi is a (mainly) light fermion and XR and Y are a fermion and a scalar

of which at least one is a heavy messenger, cf. eqs. (2.2), (2.3). From the box diagram with

X,Y propagating in the loop (see figure 3a) we get the e↵ective operator

L
e↵

� |↵|4
16⇡2M2

(fLi�
µfLi)

2, (2.5)

where M is the heaviest mass in the loop and we neglected factors of O (1). We can use the

same coupling also to write down a penguin diagram with a mass insertion in the external

fermion line (see figure 3b). This generates the dipole operator

L
e↵

� |↵|2
16⇡2M2

mi fLi�
µ⌫fRiFµ⌫ , (2.6)

– 4 –



Flavour Portal to Dark Matter
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• DM must interact weakly with the SM, likely to be a SM singlet 

• We introduce DM: fermionic SM singlets charged under GF  

• Flavour interactions are the only connection between dark and visible sector 

• Global GF : DM and SM communicate only through flavon exchange 

•  Local GF : interactions can be also mediated by flavour gauge bosons 

LC Crivellin Zaldivar ‘15



Generic setup: flavon mediation
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Global GF 

DM annihilation to SM:



Generic setup: flavon mediation
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Global GF 

DM annihilation to SM:

annihilation to heavy flavours preferred



Generic setup: flavon mediation
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Global GF 

DM annihilation to SM:

no coupling suppression



Generic setup: flavon mediation
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Global GF 

DM annihilation to SM:

p-wave (velocity suppressed)



Generic setup: flavon mediation

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Global GF 

DM scattering with nuclei:



Generic setup: flavon mediation
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Global GF 

DM scattering with nuclei:

suppressed by light quark masses/matrix elements



Explicit example
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Simple U(1)F , only few parameters (besides O(1) coeffs.): 

Thermal freeze-out via flavour portal motivation for TeV-scale flavour dynamics!



Explicit example
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Simple U(1)F , only few parameters (besides O(1) coeffs.): 



Explicit example
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Simple U(1)F , only few parameters (besides O(1) coeffs.): 



Explicit example
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Simple U(1)F , only few parameters (besides O(1) coeffs.): 
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where again we omitted an Oð1Þ uncertainty due to the
coefficients entering the rotations in Eqs. (13) and (14).
The stringent bound from ϵK can be relaxed at the level of
the CP-conserving limit if arg ððVd

LÞ12ðVd
RÞ12Þ ≈ 0.01.

The fields that constitute the UV completion of Froggatt-
Nielsen models (vectorlike quarks or heavy scalars) can
give contributions to the FCNC that are larger than those
mediated by flavon exchanges [34], even though they enter
at the one-loop level. The reason is that the flavon
couplings are proportional to the fermion masses, sup-
pressing processes involving light generations. Adopting
the model-independent approach of [34], we find that, in
our model, the strongest bound in the hypothesis of
suppressed phases to the messenger scale comes from
D − D̄ mixing and it can be translated to a limit on the
flavon mass,

mϕ ≳ CD × k × 2.3 TeV; ð26Þ

where CD parametrizes a product of unknown Oð1Þ
coefficients. In the presence of Oð1Þ CP-violating phases,
we obtain the following bound from ϵK:

mϕ ≳ CK × k × 27 TeV: ð27Þ

As it will be clear from the discussion in the following
subsection, the phenomenologically interesting region of
the parameter space would be excluded by this limit, unless
we assume that the overall phase in CK can reduce it by
about 1 order of magnitude.

B. Relic abundance and direct detection

We have implemented our model in the MICROMEGAS

code [46] in order to obtain an accurate numerical calcu-
lation of the relic abundance and the direct detection cross
section. In the case of a global Uð1ÞF, we work with the

free parameters mϕ; mχ ; k≡mϕ=hϕi and set the Oð1Þ
coefficients to unity. In the gauged case, we have in
addition mZ0 and gF and the dependence on unknown
coefficients (in the fermion rotation matrices) is much
milder. We require the relic abundance not to overshoot the
Planck measurement [1], taking as a conservative
limit ΩDMh2 ≤ 0.13.

1. Global Uð1ÞF case

The results for the global case are shown in the first plot
of Fig. 2. As we can see, besides the flavon resonance, there
is a wide region with mχ > mϕ where efficient annihilation
is provided by diagram (b) of Fig. 1 and FCNC constraints
are satisfied. We display here only the bound of Eq. (21)
from flavon exchange, assuming a mild suppression of the
CP-violating phases at the level discussed in the previous
subsection. We neglect the more stringent bounds of
Eq. (26) as they rely on the additional assumption of a
weakly coupled messenger sector at the scale M. We just
notice that they would exclude the region where χχ̄ → ϕϕ
provides the correct relic density, leaving the resonance at
mχ ≈mϕ=2 as the only viable solution, unless a mild
suppression comes from the coefficient CD. This would
be also the effect of the bound from ϵK , cf. Eq. (22), in
presence of Oð1Þ phases. The points shaded in grey at low
values of mϕ do not fulfil the LUX constraints [47], shown
in the second plot. As we can see, most of the parameter
space has good prospects to be tested by next generation
direct searches experiments and the only points that might
be hidden under the neutrino background correspond to
resonant annihilating DM with mχ ≳ 1 TeV.

2. Local Uð1ÞF case

In the local case, we find that the only viable possibility
to fulfil the relic density bounds relies on resonant Z0

FIG. 2 (color online). Left: points with ΩDMh2 ≤ 0.13 in the (mχ , mϕ) plane for different values of k. The dashed lines represents the
corresponding lower bounds on mϕ from FCNC constraints. Center: nucleon-DM scattering cross section scaled by the actual DM
density ξ · σSI (with ξ≡ Ωχh2=0.11) for the same points as before. Right: (gF,MZ0 ) plane in the local Uð1ÞF case; only the green band is
allowed by all data.
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Axiflavon
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• Another puzzle of the SM is the strong CP problem 

• The strong CP problem is elegantly solved by an axion field  

• The axion field can also provide the correct density of cold DM 

• The axion is the PNGB of a colour-anomalous global U(1)  

• Can we identify this symmetry with a Froggatt-Nielsen U(1)?            

    

LC Goertz Redigolo Ziegler Zupan ‘16



Axiflavon
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LC Goertz Redigolo Ziegler Zupan ‘16

Spoiler: Yes!

• Another puzzle of the SM is the strong CP problem 

• The strong CP problem is elegantly solved by an axion field  

• The axion field can also provide the correct density of cold DM 

• The axion is the PNGB of a colour-anomalous global U(1)  

• Can we identify this symmetry with a Froggatt-Nielsen U(1)?           



Axiflavon
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LC Goertz Redigolo Ziegler Zupan ‘16

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 an axion field  

• The axion field can also provide the correct density of cold DM 

• The axion is the PNGB of a colour-anomalous global U(1)  

• Can we identify this symmetry with a Froggatt-Nielsen U(1)?           



The strong CP problem …
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42

Teilchentee, 18.5.2017

Strong CP Problem
Why is the coefficient of the CP operator        

         so tiny?

Limits on Neutron EDMs: 

  receives (     ) contributions from two different sectors:

Fine-tuning 

problem!
Theta-vacua of QCD Electroweak Sector

Crewther, Vecchia, Veneziano, Witten, PLB 88, 123-127 (1979)

Baker et. al., hep-ex/0602020

No anthropic reasoning or the like:

would be perfectly fine

borrowed from F. Goertz



… and its Peccei-Quinn axion solution
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No anthropic reasoning or the like:
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  Florian Goertz
43

Teilchentee, 18.5.2017

Peccei-Quinn Axion Solution

Why is the coefficient of the CP operator        

         so tiny?

Promote   from parameter to dynamical variable: 

axion    = PNGB of spontaneously broken U(1)
PQ

 symmetry 

→ solves strong CP problem:

Potential induced by QCD instantons 

→ minimum CP conserving     →       term vanishes

axion coupled to      via chiral anomaly

 

Peccei, Quinn, PRL 38, 1440, Vafa, Witten, PRL 53, 535

Wilczek, PRL 40, 279 (1978), Weinberg, PRL 40, 223 (1978) 



Axion Dark Matter

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Axions as Dark Matter

In early universe axion displaced from minimum

a/f

�

As universe expands axion rolls down and starts 
oscillating around minimum: energy stored in 
oscillations contributes to DM relic density

Right abundance for

[axion essentially stable for                      ]ma . 20 eV

⌦DMh2 ⇡ 0.1

✓
10�5eV

ma

◆1.18

�2

10�8 eV . ma . 10�3 eV

✓0

✓20 10�6 eV . ma . 10�4 eV

borrowed from R. Ziegler

Axions as Dark Matter

In early universe axion displaced from minimum

a/f

�

As universe expands axion rolls down and starts 
oscillating around minimum: energy stored in 
oscillations contributes to DM relic density

Right abundance for

[axion essentially stable for                      ]ma . 20 eV

⌦DMh2 ⇡ 0.1

✓
10�5eV

ma

◆1.18

�2

10�8 eV . ma . 10�3 eV



The axiflavon setup
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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 = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[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 yfij ⇠ V̂ijm

f
j /v, with mf

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,eij . 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,

� =
1p
2
(V� + �

�
eia/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
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (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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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
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where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
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2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[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�/(
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2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving yfij ⇠ V̂ijm

f
j /v, with mf

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,eij . 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,

� =
1p
2
(V� + �

�
eia/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)

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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2 For flavor constraints on a heavy CP-odd flavon and possible
collider signatures see Ref. [17].
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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.
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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
v6 ! sin3� cos

3
� 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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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
=
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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
v6 ! sin3� cos

3
� 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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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 = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[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 yfij ⇠ V̂ijm

f
j /v, with mf

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,eij . 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,

� =
1p
2
(V� + �

�
eia/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
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (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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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
v6 ! sin3� cos

3
� 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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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
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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
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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
v6 ! sin3� cos
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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].
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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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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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6✏2N , (12)
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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
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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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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
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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
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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
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while for tan� = 50 the range is slightly increased,
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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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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
v6 ! sin3� cos

3
� 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

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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
v6 ! sin3� cos

3
� 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

Key observation: FN U(1) to reproduce observed Yukawas is necessarily 
anomalous and the coefficients are linked to the quark masses: 
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⇡ �0.4

↵ud = det au det ad, ↵de = det ad/ det ae
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Axion Models

Choose PQ charges of SM and BSM (fermions + scalars) 
fields such that have QCD anomaly of PQ symmetry

Models characterised by axion-photon couplings E/N

• PQWW axion

f ⇠ v2HDM model without new fermions, 

and PQ breaking scale/axion mass              f $ ma
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Compare to DFSZ and KSVZ axions:
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Stellar evolution bounds fa > 108 GeV [natural DM window 1010 GeV < fa < 1013 GeV]  

           flavour processes considered before are suppressed

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:
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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 = auijQiU
c
jH (�/⇤)[q]i+[u]j + adijQiD

c
jH̃ (�/⇤)[q]i+[d]j

+ aeijLiE
c
j H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where au,d,eij are complex numbers, assumed to be O(1).

Setting � to its vev, h�i = V�/
p
2, gives the SM Yukawa

couplings with

yu,d,eij = au,d,eij ✏[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 yfij ⇠ V̂ijm

f
j /v, with mf

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,eij . 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,

� =
1p
2
(V� + �

�
eia/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
ijaFiF

c
j + h.c. , (7)

with

�u,d,e
ij = i([L]i + [R]j)

v

V�
yu,d,eij . (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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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.
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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]:

⌦DMh2 ⇡ 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 ⌦DMh2 ⇡ 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|2B2

s

✓
1� m2

⇡

m2
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| ⌘ 2sd
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

64⇡
|�d

32 + �d⇤
23|2

�
fK
0 (0)

�2
�BK , (22)

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

�BK =

✓
mB

mb �ms

◆2✓
1� m2

K

m2
B

◆3

. (23)

E787, E949
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allowed range of E/N is considerably reduced compared
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axiflavon is also accounting for the total DM abundance
we give the corresponding value of ✓ for a given mass.
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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)
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|�d
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12|2B2

s

✓
1� m2

⇡

m2
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| ⌘ 2sd
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

64⇡
|�d

32 + �d⇤
23|2

�
fK
0 (0)

�2
�BK , (22)

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

�BK =

✓
mB

mb �ms

◆2✓
1� m2

K

m2
B

◆3

. (23)

Increased sensitivity ~70x is expected at NA62!
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Stellar evolution bounds fa > 108 GeV [natural DM window 1010 GeV < fa < 1013 GeV]  

           flavour processes considered before are suppressed

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

Interesting effects in the lepton sector too:

�(µ+ ! e+a) ' mµ

16⇡
|�e

21 + �e⇤
12|2

BR(µ+ ! e+a) ' 2.4⇥ 10�8
⇣ ma

0.1 meV

⌘2 ⇣µe

N

⌘2

�e
12 ⇠ mµ

fa
for anarchical neutrinos

Limit on muon decay to “Majoron”: 2.6x10-6, 30 years old! TRIUMF ‘86
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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).
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(cf. Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same choice of parameters.
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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
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the B sector we find
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Axiflavon can be complementary tested at axion and flavour experiments!
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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
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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
v6 ! sin3� cos

3
� 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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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
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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
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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
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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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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]:

⌦DMh2 ⇡ 1⇥ 10�7

✓
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✓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 ⌦DMh2 ⇡ 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)
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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
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p
mdms/(2Nfa), this gives
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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
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with fK
0 (0) = 0.331 [44] and the shorthand notation
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Axiflavon can be complementary tested at axion and flavour experiments!
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standard axion notation introducing fa = V�/2N . The
two anomaly coe�cients, N,E, are completely deter-
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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]

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
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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

E

N
2 [2.4, 3.0] , (15)

or |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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]
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, (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
v6 ! sin3� cos

3
� 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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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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[1/3, 3] with random sign, resulting in a 99.9% range
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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
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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-
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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
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Finally we comment on the modification for the E/N
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sion of the model-dependent term in Eq. (14), and we
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while for tan� = 50 the range is slightly increased,
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Being a QCD axion, the axiflavon is a very light par-
ticle with a large decay constant making it stable on
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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]:

⌦DMh2 ⇡ 1⇥ 10�7
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✓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 ⌦DMh2 ⇡ 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)
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|�d
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12|2B2

s
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1� m2

⇡

m2
K

◆
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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| ⌘ 2sd
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
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with fK
0 (0) = 0.331 [44] and the shorthand notation
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Axiflavon can be complementary tested at axion and flavour experiments!
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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 |EN � 1.92| 2 [0.5, 1.1], to be compared with the usual
KSVZ/DFSZ axion window |EN � 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
v6 ! sin3� cos

3
� 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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Natural DM window



Conclusions

Flavour portal Axiflavon
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We discussed two ways of connecting 
Flavour and Dark Matter



Conclusions

Froggatt-Nielsen flavour models are possible explanation 
of hierarchies in fermion masses and mixing  

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

FCNC constraints still allows TeV-scale flavour dynamics 

Dark Matter can be a thermal relic charged  
under the flavour symmetry only 

No ad hoc quantum numbers: SM-DM interactions  
dictated by the flavour dynamics (“Flavour Portal”) 

Direct DM searches and flavour experiments can test 
this class of models



Conclusions

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Strong CP problem Dark Matter

SM flavour puzzle

Axiflavon 
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Additional slides 



The messenger sector

messengers mix with SM fermions or scalar fields and induce FCNC

• If smaller than MPl, M can be interpreted as the mass scale of new degrees of 
freedom: the “flavour messengers” 

• New fields in vector-like representations of the SM group and GF-charged 

• Effective Yukawa couplings generated by integrating out the  messengers. 
Two possibilities: heavy fermions or heavy scalars: 

 

Fermion UV Completion

“Higgs” UV Completion

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

see e.g. LC Lalak Pokorski Ziegler ‘12



How light can the messenger sector be?

By construction always present couplings (with O(1) coeffs.) of the form: 

FUVC HUVC

Flavour conserving               Flavour violating in the mass basis: 

[ Abelian models: no cancellations (different O(1) coefficients) ]

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

LC Lalak Pokorski Ziegler ‘12

Low-energy messengers



Collider signatures?

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Flavon production and decay → distinctive signatures, e.g. same-sign tops

Low production at the LHC: 0.1 (10-3) fb for 500 (1000) GeV flavon 

Flavon-Higgs mixing → flavour-violating Higgs decays

b
φ

t

c̄



DM scattering with nuclei:

Generic setup: flavour gauge bosons mediation

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Local GF 

DM annihilation to SM:

no velocity suppression  
no quark mass dependence



Explicit example

Lorenzo Calibbi (ITP)Flavour Models and Dark Matter

Local U(1)F , relic density bound only fulfilled on the resonance:

Viable region


