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The Strong CP Problem

[ultra-light, decoupled, stable particle]

Why don’t we observe CPV in strong interactions?
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✓If    would be dynamical field without any other 
potential besides             , non-perturbative dynamics 

would generate potential for        with trivial minimum                            
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The Axion Solution

QCD Axion: Goldstone of spontaneously broken 
global U(1) symmetry with QCD anomaly 



The QCD Axion

Effective Lagrangian at scales          contains only 
Goldstone boson        , all other fields take mass at 

⌧ f
fa(x)

} }
Interactions with 

SM fermions 

}
ABJ term for 

QCD anomaly
ABJ term for 
EM anomaly

� =
f + �(x)p

2
eia(x)/f

axion

radial modeU(1)PQ breaking scale
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[Peccei, Quinn ’77, Wilczek;’78 Weinberg ’78]



Effective Lagrangian induces axion potential

non-PT 

effects

Minimum at CP-conserving point 

Generates 
axion mass

Axion-Gluon Couplings

   -term dynamically relaxed to zero✓QCD
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Axions as Dark Matter

When PQ breaking before inflation axion can be 
dark matter through “misalignment mechanism”

At QCD phase transition axion 
starts oscillating around minimum: 

energy stored in oscillations 
contributes to DM relic density

Correct abundance for

[axion essentially stable for                       ]
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Axion-Photon Couplings
Axion searches rely on axion-photon coupling
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L � ga��a ~E · ~B

Haloscopes: DM axion
static B-field 

photon  E� ⇠ ma}
microwave cavities of size

resonantly detected by 

Helioscopes: nuclear E-field Solar photon axion Ea ⇠ keV}
converted back to X-ray 

photons with static B-fields

ADMX 

CAST/IAXO 



Astrophysical Constraints

Large axion couplings to matter would allow 
to radiate off energy in astrophysical objects

White Dwarf cooling: 
constrain electron couplings

Supernova neutrino burst duration: 
constrain nucleon couplings

Evolution of Horizontal Branch stars: 
constrain photon couplings 

ma <
3 · 10�1 eV

C�
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ma <
3 · 10�3 eV

|Ce|
<latexit sha1_base64="ImcB9iX/7TFmhVSRZ+RFJOnVxDE="></latexit><latexit sha1_base64="ImcB9iX/7TFmhVSRZ+RFJOnVxDE="></latexit><latexit sha1_base64="ImcB9iX/7TFmhVSRZ+RFJOnVxDE="></latexit><latexit sha1_base64="ImcB9iX/7TFmhVSRZ+RFJOnVxDE="></latexit>



10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10610710810910101011101210131014

ma [eV]

|g
aγ

γ|
[G
eV

-1
]

�� ⇑/����

����-��

���
⇒

����

����+

����������

����-�� ����-�
����-��
����

Status of Axion Searches

Combined 
SN/WD 
bound

Natural axion 
DM window 
(misalignment)



Axion-Fermion Couplings

Strongly constrained by decays 
into invisible, massless axion

µ ! ea�

B ! Ka

K ! ⇡a

(Crystal Box, ’88)

(E787+E949, ’08)

(CLEO, ’01)

⇥1/8

⇥1/10
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We propose a new class of generalized DFSZ-like axion models with Peccei-Quinn charges com-
patible with a 2+1 flavor structure. Within this general framework we focus on four models that
depend on a few additional parameters controlling the flavor misaligment of Peccei-Quinn gener-
ators and Yukawas. These parameters allow to simultaneously suppress the couplings to nucleons
and electrons down to the percent level (with a tuning of similar order), so that the most stringent
bounds from astrophysics can be reduced by one order of magnitude. The axion can be as heavy
as O(0.2) eV and has several interesting phenomenological aspects: i) an improved visibility at
the IAXO facility; ii) the complementarity with low-energy flavor experiments; iii) the possibility
of non-standard axion dark matter in the heavy mass window and iv) the potential of explaining
various hints of anomalous energy loss in stars.

Introduction. One of the main mysteries of the
standard model (SM) is the absence of CP vio-
lation in strong interactions. Although proposed
four decades ago, the Peccei-Quinn (PQ) mecha-
nism [1, 2] still provides the most elegant solution
to the strong CP problem and predicts the axion as
a low-energy remnant [3, 4]. A set of laboratory,
astrophysical and cosmological constraints typically
requires the axion to be extremely light and decou-
pled, so that it can also serve as a viable dark mat-
ter (DM) candidate. It was only until recently that
haloscopes have started to probe this “invisible” ax-
ion mass region [5]. These advances, together with
many recently proposed small-scale experiments (for
a partial account, see Ref. [6]), has triggered a re-
newed interest of the physics community in the ax-
ion hunt.

It is hence interesting to explore axion models
whose properties can sizably deviate from those of
the standard KSVZ [7, 8] and DFSZ [9, 10] scenarios,
that are often used as benchmarks in order to assess
experimental sensitivities and astrophysical bounds.
While it is conceptually easy to build models with
suppressed axion couplings to electrons [7, 8, 11]
or photons [12–14], a sizable axion coupling to nu-
cleons is considered to be the most robust predic-
tion of axion models, and is also responsible for the
often quoted [15] upper bound on the axion mass
ma . 20 meV from the burst duration of the neu-
trino signal in the Supernova (SN) 1987A. In DFSZ
models bounds of similar order arise from the ax-
ion coupling to electrons that are constrained by
white-dwarf (WD) cooling and red giants evolution
in globular clusters, for a review see Ref. [16].

In this letter, we explore the possibility to sup-
press the axion coupling to nucleons (and electrons)
in the context of generalized DFSZ-like axion models
with non-universal PQ charges. This allows to re-

lax the stringent bounds on the axion mass from SN
and WD observations and to push the axion mass
up to ma ⇠ 0.2 eV. These models are interesting in
many respects: i) they will be probed at the next
generation of helioscope experiments like the IAXO
facility [17] (while usual DFSZ and KSVZ models in
the IAXO window are in tension with SN and WD
constraints); ii) they necessarily imply flavor non-
universal tree-level axion couplings to SM fermions,
which induce flavor-violating decays like K ! ⇡a,
µ ! ea or ⌧ ! ea, providing the opportunity to
test the QCD axion in precision flavor experiments;
iii) they can feature non-standard axion DM in the
heavy mass window [18–20] and iv) they can pro-
vide an explanation of various astrophysical hints of
anomalous energy loss in stars [21, 22].

Axion couplings to nucleons. At energies below
the electroweak scale the axion e↵ective Lagrangian
(including general flavor-violating couplings) is

La =
1

2
(@µa)

2 +
a

fa

↵s

8⇡
G

a
µ⌫G̃

a,µ⌫ (1)

+
a

fa

↵em

8⇡

E

N
Fµ⌫ F̃

µ⌫ +
@µa

2fa
f i�

µ(CV
ij + C

A
ij�5)fj ,

where the second term defines the axion decay
constant fa, the dual field strengths are G̃

a,µ⌫ =
1
2✏

µ⌫⇢�
G

a
⇢� and F̃

µ⌫ = 1
2✏

µ⌫⇢�
F⇢�, and fi runs over

SM quark and lepton generations. E/N is the ratio
between the electromagnetic and color anomaly co-
e�cients, which together with C

V,A
ij depend on the

specific axion model.

We are mainly interested in the axion couplings to
protons (p), neutrons (n), electrons (e) and photons
(�). For energies well below the QCD mass gap,
the interactions of the axion are captured by the

ma <
3 · 10�3 eV

|Cµe|
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ma <
2 · 10�5 eV

|CV
sd|
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ma <
9 · 10�2 eV

|CV
bs|
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Flavor Constraints

sd
Ci 6=j = 1(for )

µe bs



Origin of Axion-Fermion Couplings

Axion-fermion couplings given by 
diagonal PQ charges in gauge basis  

Folded with unitary 
rotations in mass basis  V †

ULMuVUR = Mdiag
u
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CV,A
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= (V †
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Axion Model Predictions
In general axion-fermion couplings depend 
on PQ charges AND unitary rotations, as 

PQ charge matrix constitutes new source of 
flavor violation beyond SM Yukawas

Two possibilities to construct predictive model:

⇥
PQu, Y

†
uYu

⇤
6= 0

A) Take all PQ charges flavor-universal

B) Predict PQ and Yukawas simultaneously

(V †
URPQuVUR)i 6=j 6= 0
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Flavor-Universal Models

Universal PQ charges don’t introduce new 
sources of flavor violation beyond SM (MFV)

(assumed in usual DFSZ models)

Xq / Xu / Xd / 13⇥3
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Flavor Violation  is loop & CKM suppressed
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PQ as a Flavor Symmetry

Simplest realization: PQ = U(1)FN

[Wilczek ‘82]

PQ could be subgroup of flavor symmetry 
that explains Yukawa hierarchies

1612.08040, see also 1612.05492

Smallness of Yukawas arise from spontaneously 
broken global flavor symmetry, associated 

Goldstone can be identified with QCD axion

Need model of flavor to predict Yukawas 
in flavor basis where PQ diagonal



Flavor Symmetries

which is spontaneously broken by “flavon” field 
SM fields charged under flavor symmetry G,                

Yukawas given by powers of small order parameter

Effective Yukawa Lagrangian needs flavon 
insertions in order to be invariant under G 

�

✏ ⌘ h�i
⇤F

from G selection rules

cutoff scaleO(1) coefficients
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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 AMSX 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) ' 7.0 · 10�11

⇣
ma

0.2meV

⌘
⇥

sd

N
, (3)

where sd ⇠ O(5) and N . O(15). 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, while the hierarchies of the Yukawa cou-
plings 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
simplicity we assume that the Higgs does not carry the
U(1)H charge, so that the flavor hierarchies are explained
entirely 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 complex
scalar field � with U(1)H charge of �1. All other fields
in the model have masses of O(⇤) & V� � v and can
be integrated out. The Yukawa sector in the resulting
e↵ective theory is then given by

L = a
u

ij
QiU

c

j
H (�/⇤)[q]i+[u]j + a

d

ij
QiD

c

j
H̃ (�/⇤)[q]i+[d]j

+ a
e

ij
LiE

c

j
H̃ (�/⇤)[l]i+[e]j + h.c. , (4)

where a
u,d,e

ij
are complex numbers, assumed to be O(1).

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

couplings with

y
u

ij
= a

u

ij
✏
[q]i+[u]j , y

d

ij
= a

d

ij
✏
[q]i+[d]j , y

e

ij
= a

e

ij
✏
[l]i+[e]j ,

(5)

where we defined the small parameter ✏ ⌘ V�/(
p
2⇤).

The hierarchy of masses follows from U(1)H charge
assignments, giving y

f

ij
⇠ V̂ijm

f

j
/v, with m

f

i
the SM

fermion mass 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, ✏ ⇠ 0.2. The exact values
of U(1)H charges can be obtained from a fit to fermion
masses and mixings, and are subject to the uncertainties
in the unknown O(1) numbers au,d,e

ij
. As we are going to

demonstrate, these uncertainties will only weakly influ-
ence the main phenomenological predictions. Note that
the pattern of masses and mixings in the neutrino sector
can also be explained in this setup, however, this sector
of the SM is irrelevant for the prediction of color and
electromagnetic U(1)H anomalies.
The field � contains two excitations, the CP-even

flavon, �, and the CP-odd axiflavon, a,

� =
1
p
2
(V� + �

�
e
ia/V� . (6)

The flavon field � has a mass m� ⇠ O(V�), and thus is
not directly relevant for low energy phenomenology, and
can be integrated out. The axiflavon, a, is a Nambu-
Goldstone boson. It is massless at the classical level, but
receives a nonzero mass from the breaking of U(1)H by
the QCD anomaly. Its couplings to SM fermions Fi are
given by

Laff = �
f

ij
aFiF

c

j
+ h.c. , (7)

with

�
u

ij
= i([q]i + [u]j)

v

V�
y
u

ij
, �

d

ij
= i([q]i + [d]j)

v

V�
y
d

ij
,

�
e

ij
= i([l]i + [e]j)

v

V�
y
e

ij
. (8)

The couplings of the axiflavon to the SM fermions
are in general not diagonal in the fermion mass eigen-
state basis due to the generation-dependency of charges
[q]i, [u]i, [d]i, [l]i, [e]i. This induces flavor changing neu-
tral currents, which are experimentally well constrained
and will be discussed in the next section.
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)

where G̃µ⌫ = 1
2✏µ⌫⇢�G

⇢� and we switched to the stan-
dard axion notation introducing fa = V�/2N . The two
anomaly coe�cients, N,E, are completely determined 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

V� ⇠ fa � v
axion

decouples



PQ = FN

� qi ui di h
U(1) �1 qi ui di 0

Simplest U(1) symmetry works: Froggatt-Nielsen

yDij = aDij✏
qi+djyUij = aUij✏

qi+uj

Can easily reproduce all hierarchies, e.g.
qi = (3, 2, 0) di = (4, 3, 3)ui = (4, 2, 0)

yU ⇠

0

@
✏7 ✏5 ✏3

✏6 ✏4 ✏2

✏4 ✏2 1

1

A yD ⇠

0

@
✏7 ✏6 ✏6

✏6 ✏5 ✏5

✏4 ✏3 ✏3

1

A
✏ ⇡ 0.2

Vf ⇠ ✏|fi�fj |
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Get unitary rotations  

[Froggatt,Nielsen ‘79]



Axion-Photon Couplings

detmd/detme = [det ad/det ae] ✏
8
3N�E}

⇡ 10�20

⇡ 0.7

O(1)

O(1)

detmudetmd/v
6 = [det audet ad] ✏

2N

Although have considerable freedom in fermion 
U(1) charges, can sharply predict E/N 

3

can be directly related to the determinants of the mass
matrices as [17–19]

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. [20], 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 [21]. 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 range

E

N
2 [2.4, 3.0] , (15)

or |E
N

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

E

N
� 1.92| 2 [0.07, 7] [22]. Note

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

6
⇡ �44, while the first term

in the numerator is log detmd/detme ⇡ �0.36. Follow-
ing Ref. [23], we therefore obtain a quite sharp prediction
for the axion-photon coupling, L �

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 [23]

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
assumptions that lead to the above results and discuss
their relevance and generality. First of all we are as-
suming positive 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 follows naturally from holomorphy of the su-
perpotential, if we embed the setup into a supersymmet-
ric model in order to address also the hierarchy problem.

Our second assumption was that only the fermion fields
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 . In explicit UV completions
of FN models this assumption can be easily realized, see,
e.g., Ref. [24, 25].
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 [26–
29], 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 entries
of the Yukawa matrices. The determinant is therefore
given by the 12, 21 and 33 entry which are SU(2) singlets
and therefore depend only on U(1) charges, resulting in
the same prediction for E/N when the U(1) breaking
flavon contains the axiflavon (and the SU(2) is gauged).

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

⌦DMh
2
⇡ 2.3⇥ 10�7

✓
eV

ma

◆
✓
2
. (18)

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

is then always possible to choose a misalignment angle ✓

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

The axion domain wall problem is automatically solved
in this setup, but interesting constraints can arise from
isocurvature perturbations [30].
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 [22]. 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

Direct consequence of fermion mass hierarchies

E

N
=

8

3
� 2�

� =
log detmd

detme
� log↵de

log detmu detmd
v6 � log↵ud

⇡ 0⇡ �0.4

⇡ �44 ⇡ 0

}

}}

2N =
X

i

2qi + ui + di
<latexit sha1_base64="gdPE+LfYa0tiH9RcgJWb81EI2n4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSRF0I1QdONKKtgHtCFMJpN26EwS5yGU0J0bf8WNC0Xc+gvu/BunaRbaemAuh3Pu5c49QcqoVI7zbS0sLi2vrJbWyusbm1vb9s5uSyZaYNLECUtEJ0CSMBqTpqKKkU4qCOIBI+1geDXx2w9ESJrEd2qUEo+jfkwjipEykm8f1OANvIA9qblPYQ3em3oCdV5Dn/p2xak6OeA8cQtSAQUavv3VCxOsOYkVZkjKruukysuQUBQzMi73tCQpwkPUJ11DY8SJ9LL8jjE8MkoIo0SYFyuYq78nMsSlHPHAdHKkBnLWm4j/eV2tonMvo3GqFYnxdFGkGVQJnIQCQyoIVmxkCMKCmr9CPEACYWWiK5sQ3NmT50mrVnWdqnt7WqlfFnGUwD44BMfABWegDq5BAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwA0/ZZX</latexit><latexit sha1_base64="gdPE+LfYa0tiH9RcgJWb81EI2n4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSRF0I1QdONKKtgHtCFMJpN26EwS5yGU0J0bf8WNC0Xc+gvu/BunaRbaemAuh3Pu5c49QcqoVI7zbS0sLi2vrJbWyusbm1vb9s5uSyZaYNLECUtEJ0CSMBqTpqKKkU4qCOIBI+1geDXx2w9ESJrEd2qUEo+jfkwjipEykm8f1OANvIA9qblPYQ3em3oCdV5Dn/p2xak6OeA8cQtSAQUavv3VCxOsOYkVZkjKruukysuQUBQzMi73tCQpwkPUJ11DY8SJ9LL8jjE8MkoIo0SYFyuYq78nMsSlHPHAdHKkBnLWm4j/eV2tonMvo3GqFYnxdFGkGVQJnIQCQyoIVmxkCMKCmr9CPEACYWWiK5sQ3NmT50mrVnWdqnt7WqlfFnGUwD44BMfABWegDq5BAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwA0/ZZX</latexit><latexit sha1_base64="gdPE+LfYa0tiH9RcgJWb81EI2n4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSRF0I1QdONKKtgHtCFMJpN26EwS5yGU0J0bf8WNC0Xc+gvu/BunaRbaemAuh3Pu5c49QcqoVI7zbS0sLi2vrJbWyusbm1vb9s5uSyZaYNLECUtEJ0CSMBqTpqKKkU4qCOIBI+1geDXx2w9ESJrEd2qUEo+jfkwjipEykm8f1OANvIA9qblPYQ3em3oCdV5Dn/p2xak6OeA8cQtSAQUavv3VCxOsOYkVZkjKruukysuQUBQzMi73tCQpwkPUJ11DY8SJ9LL8jjE8MkoIo0SYFyuYq78nMsSlHPHAdHKkBnLWm4j/eV2tonMvo3GqFYnxdFGkGVQJnIQCQyoIVmxkCMKCmr9CPEACYWWiK5sQ3NmT50mrVnWdqnt7WqlfFnGUwD44BMfABWegDq5BAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwA0/ZZX</latexit><latexit sha1_base64="gdPE+LfYa0tiH9RcgJWb81EI2n4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSRF0I1QdONKKtgHtCFMJpN26EwS5yGU0J0bf8WNC0Xc+gvu/BunaRbaemAuh3Pu5c49QcqoVI7zbS0sLi2vrJbWyusbm1vb9s5uSyZaYNLECUtEJ0CSMBqTpqKKkU4qCOIBI+1geDXx2w9ESJrEd2qUEo+jfkwjipEykm8f1OANvIA9qblPYQ3em3oCdV5Dn/p2xak6OeA8cQtSAQUavv3VCxOsOYkVZkjKruukysuQUBQzMi73tCQpwkPUJ11DY8SJ9LL8jjE8MkoIo0SYFyuYq78nMsSlHPHAdHKkBnLWm4j/eV2tonMvo3GqFYnxdFGkGVQJnIQCQyoIVmxkCMKCmr9CPEACYWWiK5sQ3NmT50mrVnWdqnt7WqlfFnGUwD44BMfABWegDq5BAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwA0/ZZX</latexit>

E =
X

i

5

3
qi +

4

3
ui + . . .
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Axion-Fermion Couplings

Axion-fermion couplings determined by fermion 
masses and mixings up to         coefficientsO(1)

Cq
ij ⇠ V CKM

ij Cu
i<j ⇠

mi

mjV CKM
ij

Xf = diag(f1, f2, f3) ! V †
f XfVf
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Flavor-violating couplings governed by CKM

Get large a-s-d couplings of order Cabibbo angle

CV
sd ⇠ � ⇡ 0.2
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The Axiflavon

sdNA62

Natural axion DM 
window testable at 

NA62 (and ADMX-II)

Present bound 
from E787+E949

Expected future 
bound from NA62



Summary

• Flavored axions allow for complementary axion 
searches with precision flavor experiments 

• Well-motivated axion model from PQ = FN, flavor-
violating couplings from fermion masses and mixings

ma[eV]
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��
<latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit><latexit sha1_base64="xUXJCAA4+hXdXTlQVUCwCYlwwko=">AAACBnicdVDLSgMxFM34rPVVdekmWARXQ6b25a7oxmUF+4B2KJlM2oYmmTHJCGXo3j9wqz/gTtz6G+79ENOHYEUPhBzOuZd77wlizrRB6MNZWV1b39jMbGW3d3b39nMHh00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtHV1G/dU6VZJG/NOKa+wAPJ+oxgYyW/O8BCYDj/erk8cosXxUrJg8gtoLJXLVuCziulqgc9F82QBwvUe7nPbhiRRFBpCMdadzwUGz/FyjDC6STbTTSNMRnhAe1YKrGg2k9nS0/gqVVC2I+UfdLAmfqzI8VC67EIbKXAZqh/e1PxL6+TmH7VT5mME0MlmQ/qJxyaCE4TgCFTlBg+tgQTxeyukAyxwsTYnJamBEHEw4mN5ft2+D9pFlwPud5NMV+7XASUAcfgBJwBD1RADVyDOmgAAu7AI3gCz86D8+K8Om/z0hVn0XMEluC8fwH6RZoD</latexit>

IAXO

(Ci = 1)
<latexit sha1_base64="ZhciEd1W9Imk5SIH3FmRBKbMobc=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEfQiFHvxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OK7P/PYTVZrF8sFMEhoIPJQsYgQbKz1W6n2GbpB/3nfLXtWbA60SPydlyNHou1+9QUxSQaUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/eIrOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI/vLLq6R1UfW9qn9/Wa7d5nEU4QROoQI+XEEN7qABTSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gB4GY7e</latexit><latexit sha1_base64="ZhciEd1W9Imk5SIH3FmRBKbMobc=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEfQiFHvxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OK7P/PYTVZrF8sFMEhoIPJQsYgQbKz1W6n2GbpB/3nfLXtWbA60SPydlyNHou1+9QUxSQaUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/eIrOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI/vLLq6R1UfW9qn9/Wa7d5nEU4QROoQI+XEEN7qABTSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gB4GY7e</latexit><latexit sha1_base64="ZhciEd1W9Imk5SIH3FmRBKbMobc=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEfQiFHvxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OK7P/PYTVZrF8sFMEhoIPJQsYgQbKz1W6n2GbpB/3nfLXtWbA60SPydlyNHou1+9QUxSQaUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/eIrOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI/vLLq6R1UfW9qn9/Wa7d5nEU4QROoQI+XEEN7qABTSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gB4GY7e</latexit><latexit sha1_base64="ZhciEd1W9Imk5SIH3FmRBKbMobc=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdEfQiFHvxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39A/fwqKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OK7P/PYTVZrF8sFMEhoIPJQsYgQbKz1W6n2GbpB/3nfLXtWbA60SPydlyNHou1+9QUxSQaUhHGvd9b3EBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/eIrOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI/vLLq6R1UfW9qn9/Wa7d5nEU4QROoQI+XEEN7qABTSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gB4GY7e</latexit>


