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The Axion



The QCD    -term
Gauge and Lorentz invariance allow QCD    -term✓

Shifts under anomalous axial U(1) transformations 
that control complex phases in quark masses
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↵s

8⇡
Gµ⌫

a G̃a,µ⌫ = ✓
↵s

16⇡
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for 1 quark generation: 

u ! e
i↵
2 �5u

Lmass = �uLMuuR + h.c.

Mu ! ei↵Mu}
consequence of 

ABJ anomaly
Ga Ga

jµA

u

✓ ! ✓ � ↵

✓

uL,R ! e⌥
i↵
2 uL,R



for 3 SM quark generations: 

qi ! e
i
2↵

q
i �5qi

Can use axial U(1) transformations to move phases 
arbitrarily between quark mass terms and    -term✓

✓ ⌘ ✓ + arg det
�
mumd

�
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imq
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[Note: if up-quark would be massless could set ✓ = ✓ ! 0

The Physical QCD    -term✓

]
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Only invariant combination can be physical 



The Strong CP Problem

matrices to be present in Lagrangian and         

✓ ⌘ ✓ + arg det
�
mumd

�

✓

Why

[Note: cannot impose CP since need complex Yuks for (large) CKM phase]

dn ⇡ 4⇥ 10�16✓ e cm

Eff.    -term violates CP and contributes to neutron EDM

< 10�10

|dn|exp < 3⇥ 10�26 e cm

?

Would expect both    -term and complex Yukawa✓
✓ ⇠ O(1)



Solving the Strong CP Problem

Massless up-quark would be solution, but ruled out

Can impose CP and break it spontaneously such that 
large CKM phase induced but determinants stay real

If    would be dynamical field without any other 
potential, non-perturbative dynamics would 
generate potential for        with trivial minimum                            

✓

Nelson-Barr solution [pure UV, difficult to test]

Axion solution [new ultra-light, decoupled, stable particle]

✓(x)



The Axion Solution

Field without potential is Goldstone boson: need 
new global symmetry that is spontaneously broken 

Want to couple Goldstone to gluons: need 
also anomalous breaking of global symmetry 

[remains as shift symmetry                  ]a ! a+ ↵

[shift symmetry broken by           ]aGG̃

QCD Axion: Goldstone boson of new 
global symmetry with QCD anomaly

I.

II.



The Peccei-Quinn Mechanism

Introduce new global U(1)PQ symmetry with 
fermion charges such to have QCD anomaly 
[non-conserved Noether current @µjµPQ ⇠ ↵s

4⇡
GG̃]

Break global U(1)PQ symmetry spontaneously at 
scale    by vev of complex scalar field with charge +1  

U(1)PQ non-linearly realized as shift symmetry

� ! ei↵� a ! a+ ↵f

� =
f + �(x)p

2
e

ia(x)/f

[Peccei, Quinn ’77]
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} }
Interactions with 

SM fermions 

}
ABJ term for 

QCD anomaly
ABJ term for 

other anomalies

[cf.            ]⇡0

f⇡
FF̃[breaks shift 

symmetry]
[respects shift 

symmetry]

only through PQ invariant combinationDepends on ✓

[have essentially made    dynamical field]✓

The Peccei-Quinn Mechanism

L
e↵

= ✓
↵s

8⇡
Gµ⌫

a G̃a,µ⌫ +
1

2
@µa@

µa+ L
a,int[

@µa

f
, 

SM

] +
a

f
⇠
↵s

8⇡
Gµ⌫

a G̃a,µ⌫ + L
anom

[
a

f
F F̃ ]

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

⌧ f
fa(x)

a(x)

fa
⌘ ✓ +
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Effective Lagrangian induces axion potential

non-PT 

effects

Potential minimized at CP-conserving vev

Generates also axion mass

   -term dynamically relaxed to zero

couples to photons and SM fermions 

For large      axion is ultra-light and decoupled

The Peccei-Quinn Mechanism

Ve↵ = �a(x)

fa
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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�4 eV



Axion Models
Choose PQ charges of SM/BSM fermions for QCD anomaly

Models characterised by axion-photon couplings E/N

• PQWW axion
2HDM model without new fermions, 

and PQ breaking scale/axion mass              

• DFSZ axion
ex
clu
de
d

2HDM model without new fermions but extra singlet scalar that 
2 [0.3, 2.7]breaks PQ at scale fa much above electroweak scale; |E/N| 

• KSVZ axion
SM model with new (heavy) fermions and extra singlet scalar that 
breaks PQ at scale fa much above electroweak scale; |E/N| 2 [0, 6]

[Dine, Fischler, Srednicki, Zhitnitsky ’80]

[Kim, Shifman, Vainshtein, Zakharov ’80]

[Peccei, Quinn, Wilczek, Weinberg ’78]

,ma ⇠ 30 keV

fa $ ma

fa ⇠ v



Axion Searches

Axion searches typically rely on axion-photon coupling

ga�� ⇠ E

N

1

1016GeV

ma

µeV

1/ma

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 
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Axions and Flavor

In usual axions solution PQ symmetry and 
quantum numbers are ad-hoc and serve no 

other purpose than to solve strong CP problem 
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sponding one-dimensional Ising model with I/r'
interactions. Taking over the result from the
latter model, ' we predict that as a function of g,
(q) will at a critical. value q, -h/4q, ' change dis-
continuously from zero to a nonzero value. (This
means that for g &g, the ground state is twofold
degenerate. ) Equivalently, we can say that a
particle initially localized in, e.g. , the left-hand
well has a greater than 50% chance of being found
in the same well. after infinite time.
The most likely system for an experimental

test of these ideas is the SQUID,"in which the
flux through the ring plays the rol.e of the coor-
dinate q. For the case where the two minima dif-
fer by nearly a whol. e flux quantum, it seems
likely that tunnel. ing rates will. be too small to ob-
serve, but by varying the system parameters it
may be possible to arrange for the two minima to
be separated by a small fraction of a flux quantum,
making observation much more likely.
We woul. d l.ike to thank Professor A. J. Leggett

for stimulating discussions.
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Axions and Family Symmetry Breaking
Frank Wilczek

Institute for Theoretical Physics, University of Cagfornia at Santa Barbara,
Santa Ba~bara, California 93106
(Received 20 September 1982)

Possible advantages of replacing the Peccei-Quinn U(1) quasisymmetry by a group of
genuine flavor symmetries are pointed out. Characteristic neutral Nambu-Goldstone
bosons %ill arise, which might be observed in rare K or p decays. The formulation of
Lagrangians embodying these ideas is discussed schematically.

PACS numbers: 11.30.Qc, 12.35.Cn, 14.80.0t

In order to understand why the strong interac-
tion does not exhibit large CI'-invariance viola-
tions, it is desirable to postulate that conserva-
tion of axial baryon number' U(1)„is violated
spontaneously, except for (soft) instanton ef-
fects. ' 4 Phenomenological considerations then
require that this symmetry be broken at a very
large scale, ' leading among other things to the
emergence of exceedingly light, exceedingly
weakly coupled particles ("invisible axions")'
which are essentially the Nambu-Goldstone bo-
sons associated with the quasisymmetry U(1)„.
Reflecting on this scheme, I think we can iden-

tify two unsatisfying features:
(i) Axial baryon number is only one small part

of a very large flavor symmetry group that
emerges when quark masses are neglected. Why

should it be treated on such a special footing'P
(ii) The requirement that the theory exhibit a

symmetry "except for instanton effects" seems
an artificial one. After all, instantons refer to
a method of calculation and not to an intrinsic
element of the theory. Although one can partially
justify the separation of instanton effects on the
basis that they are very soft (disappea. ring rapid-
ly at high momentum scales), ' it would seem
more satisfactory to have the offensive interac-
tion terms banished for real symmetry reasons.
These points reinforce one another, since en-

largement of the U(1)„symmetry might automa-
tically forbid the dangerous terms which pre-
viously were banished by appeal to the U(1)~
quasi symmetry.
Actually, point (i) should be viewed in a more

1982 The American Physical Society 1549

Interesting to connect PQ to other global symmetries, 
e.g. flavor symmetries that explain Yukawa hierarchies

PQ = subgroup of yuks
U(3)5 ! U(1)B ⇥ U(1)Li



The Flavon



The SM Flavor Puzzle
Matter fields come in 3 families 

with same gauge quantum numbers

Accounts for most parameters of SM: 
fermion masses and mixings that are 

strongly hierarchical

Why are these numbers so small ?

yu ⇠ ✏7÷8 yd ⇠ ✏7 Vub ⇠ ✏3

yc ⇠ ✏3÷4 ys ⇠ ✏5 Vcb ⇠ ✏2

yt ⇠ 1 yb ⇠ ✏3 Vus ⇠ ✏
✏ ⇡ 0.2



Flavor Symmetries

from G selection rules

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

cutoff scale

✏ ⌘ �

⇤F
Yukawas given by powers of small order parameter

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

Le↵ ⇠ a
ij

✓
�

⇤
F

◆
xij

hq
i

u
j

O(1) coefficients



U(1) Flavor Symmetries
� qi ui di h

U(1) �1 qi ui di 0

yUij ⇠ �qi+uj yDij ⇠ �qi+dj

U(1) selection rule gives sum of charges  

Simple pattern can 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



U(1) Flavor Symmetries

Charge assignments are not unique because of 
O(1) coefficients and order parameter ~1/5

Still can show that U(1) is necessarily anomalous

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

}

}

}

}
⇡ 10�20

⇡ 0.7

O(1)

O(1)

QCD anomaly coefficient

EM anomaly coefficient

detmudetmd/v
6 = [det audet ad] ✏

2N

[Binetruy, Ramond ’94]



Predictivity of Flavor Symmetries

All BSM effects suppressed by messenger scale 

Overall cutoff scale/symmetry breaking scale is not 
determined, since explain dimensionless Yukawa couplings  

No measurable effects if very large messenger scale: 
need to combine with new low-energy dynamics 

Leff � 1

�2
F

✓
⇥

�F

◆yij

(qi�
µqj)

2 + . . .



The Axiflavon



General Idea

Identify PQ symmetry with U(1) flavor symmetry: 
the phase of the flavon is the QCD axion = axiflavon 

Can obtain pretty sharp prediction for axion-photon 
coupling E/N [in contrast to broad range in usual axion models]

Get predictions for axion-fermion couplings, which 
in general are flavor-violating [but O(1) uncertainties]

Very predictive framework that is testable 
both at axion and flavor experiments

see also 1612.05492



Setup

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 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 = 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

yuij = auij✏
[q]i+[u]j , ydij = adij✏

[q]i+[d]j , yeij = aeij✏
[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 yfij ⇠ V̂ijm

f
j /v, with mf

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

v

V�
yuij , �d

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

V�
ydij ,

�e
ij = i([l]i + [e]j)

v

V�
yeij . (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

gafifj ⇠ v

V�
yij

ga�� ⇠ E

N

1

1016GeV

ma

µeV

L ⇠ auij

✓
�

⇤

◆qi+uj

QiU
c
jH + . . .

Effective U(1) flavor model

V� ⇠ fa � v
axion

decouples

yuij = auij✏
qi+uj

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

⌦DMh2 ⇡ 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 ⌦DMh2 ⇡ 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
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Probing the Axiflavon

90% CL combined bound from E787 + E949
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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 plus DFSZ band is also shown in light yellow. The grey exclusion region is obtained from the combination
of various axion constraints which are summarized in the legend. The dashed color lines show the projected reach of future
axion experiments. The solid blue line is the exclusion reach from current flavor experiments for a axiflavon model with N = 15
and sd = 5 (see Eq. (21)). The dashed blue line depicts the expected reach of future flavor experiments for the same model.

fermions and are hence independent on ga�� . A mild
lower bound on the axiflavon decay constant fa can be
derived from its coupling to electrons which a↵ects white
dwarf cooling [31]. 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

�(K+ ! ⇡+a) ' 1

64⇡
|�d

21 + �d⇤
12|2mKB2

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 [32]. The 90% CL combined bound
from E787 and E949, BR(K+ ! ⇡+a) < 7.3 · 10�11 [33],
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
⇥ 2.7 · 1010 GeV , (21)

where sd ⇠ O(5) and N . O(15) are model-dependent
coe�cients controlled by the particular flavor charge as-
signments.

The solid blue line in Fig. 1 shows the lower bound
on ma from flavor-violating kaon decays for sd = 5 and
N = 15. The reach on BR(K+ ! ⇡+a) is expected to be

improved by a factor ⇠ 70 by NA62 [34, 35] (and possi-
bly also ORKA [36] and KOTO [37]), giving sensitivity
to scales as high as fa & sd/N ⇥ 2.3 · 1011 GeV. The
expected sensitivity on the axion mass for sd = 5 and
N = 15 is shown by the dashed line in Fig. 1. Therefore
future flavor experiment will probe the axiflavon param-
eter space in the interesting region where it can account
for the dark matter relic abundance with ✓ ⇠ O(1).

Going to lower axiflavon masses, below 0.1 keV, the
phenomenology becomes essentially identical to the one
of the original DFSZ model but with a sharper prediction
for the value of E/N , given in Eq. (15). This corresponds
to the brown band in Fig. 1.

The gray shaded regions in Fig. 1 summarize the
present constraints on axion-like particles. An upper
bound on the photon coupling for the full range of masses
of our interest comes from its indirect e↵ects on stellar
evolution in Globular Clusters [38]. A comparable bound
is set by the CAST experiment [39]. Stronger constraints
for axions lighter than 0.1 µeV can be derived from the
lack of a gamma-ray signals emitted from the supernova
SN1987A [40] and from the bounds on spectral irregular-
ities of the Fermi-LAT and H.E.S.S. telescopes [41, 42].
The region of very low axion masses below 10�5µeV is
disfavoured by black hole superradiance independently
on the photon coupling [43]. In the axion mass region
between 1 µeV and 100 µeV present bounds from the
AMSX experiment [44] do not put yet a constraint on
the axiflavon band. This is a well-known feature of the

Expected improvement for NA62 is factor ~70
will probe up to 

BR(K+ ! ⇡+a) ' 1.2 · 10�10
⇣ ma

0.1meV

⌘2 ⇣sd

N

⌘2

ma . 0.08meV

ma ⇠ 9µeV

}
O(1)

fa & 7⇥ 1010 GeV
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