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Axions as Dark Matter

The Axion is a very nice Dark Matter Candidate: 
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well motivated by strong CP problem: QCD Axion

decoupledstable

Goldstone boson of PQ symmetry broken at high scales
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Most general axion couplings to SM described by EFT below PQ scale
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Axion Phenomenology
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Flavored Axion Phenomenology
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• FV couplings determined by PQ charges in fermion mass basis

• Decent scenario: PQ = flavor symmetry for Yukawa hierarchies Wilczek ’82

U(1)PQ = U(1)F
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are present already at tree level. This is the case,
for instance, in generalized DFSZ-type models with
generation dependent PQ charges [39–43], which can
also allow to suppress the axion couplings to nucle-
ons [44–46]. Particularly motivated scenarios, which
lead to flavor violating axion couplings at tree level,
arise when the PQ symmetry is part of a flavor
group that shapes the structure of the yukawa sec-
tor [31, 47]. The PQ symmetry could enforce texture
zeros in the Yukawa matrices [48–50], or be respon-
sible for their hierarchical structure à la Froggatt-
Nielsen (FN) [51]. While in the simplest scenario
PQ and FN symmetries are identified [52–54], PQ
could also be a subgroup of a larger flavor symmetry,
see e.g. Refs. [55–64]. Finally, flavored PQ symme-
tries can arise also in the context of Minimal Fla-
vor Violation [65, 66] or as accidental symmetries in
models with gauged flavor symmetries [67–70].
In our analysis we remain, for the most part, ag-

nostic about the origin of the flavor and chiral struc-
ture of axion couplings to SM fermions, and sim-
ply treat axion couplings to fermions as independent
parameters in an e↵ective Lagrangain. For related
studies of axion-like particles with flavor violating
couplings, see [71–73] (for loop induced transitions
see [74–81]). We restrict the analysis to the case of
the (practically) massless QCD axion, but our re-
sults can be repurposed for any other light scalar or
pseudoscalar with flavor violating couplings to the
SM fermions, as long as the mass of the (pseudo-
)scalar is much smaller than the typical energy re-
lease in the flavor transition.
The paper is structured as follows. In Section II

we introduce our notation for the axion couplings
to fermions and comment on their flavor structure.
In Section III we derive the bounds on these cou-
plings from two-body and three-body meson decays,
from baryon decays and from baryon transitions in
supernovae. Section IV contains bounds from mix-
ing of neutral mesons, Section V reviews bounds on
flavor-diagonal couplings, and Section VI discusses
axion couplings involving the top quark. Finally,
in Section VII we present the results and experi-
mental projections. Details about renormalization
of e↵ective axion couplings, experimental recasts of
two-body meson decays and hadronic inputs are de-
ferred to the Appendix.

II. AXION COUPLINGS TO FERMIONS

The Lagrangian describing the most general inter-
actions of the axion with the SM fermions is given
by 1 (see also Appendix A)

Laff =
@µa

2fa
f
i
�µ

�
cV
fifj

+ cA
fifj

�5
�
fj , (1)

1
Note that diagonal vector couplings are unphysical up to

electroweak anomaly terms, which are irrelevant for the

purpose of this paper.

where fa is the axion decay constant, cV,A
fifj

are her-
mitian matrices in flavor space, and the sum over
repeated generational indices, i, j = 1, 2, 3, is im-
plied. For future convenience we define e↵ective de-
cay constants as

FV,A

fifj
⌘

2fa

cV,A
fifj

. (2)

In general FV,A

fifj
, i 6= j, are complex, with

�
FV,A

fifj

�⇤
=

FV,A

fjfi
. Throughout the paper we take a to be the

QCD axion, so that its mass is inversely propor-
tional to fa [82],

ma = 5.691(51)µeV

✓
1012 GeV

fa

◆
. (3)

For the “invisible” axion the decay constant is fa �

106 GeV [83], in which case the axion is much lighter
than an eV and essentially decoupled from the SM.
We will always be working in this limit, so that in
the flavor transitions the axion can be taken as mass-
less for all practical purposes.

In this mass range the axion has a lifetime that
is larger than the age of the universe, and there-
fore is a suitable DM candidate. If the PQ symme-
try is broken before inflation, axions are produced
near the QCD phase transition and yield the ob-
served DM abundance for axion decay constants of
the order fa ⇠ (1011 ÷ 1013)GeV [13–15], assum-
ing natural values of the misalignment angle. Other
production mechanisms, e.g., via parametric reso-
nance, allow for axion DM also for smaller decay
constants, down to fa ⇠ 108 GeV [84]. We will see
below that precision flavor experiments are able to
test this most interesting region of the QCD axion
parameter space.

The axion couplings to the SM fermions in the
mass basis, cV

fifj
and cA

fifj
, are related to the PQ

charge matrices in the flavor basis, Xf , through

cV,A
fifj

=
1

2N

⇣
V †
fR

XfRVfR ± V †
fL
XqLVfL

⌘

ij

, (4)

where N is the QCD anomaly coe�cient of the
PQ symmetry. The unitary rotations VfL,fR diag-
onalize the appropriate SM fermion yukawa matri-
ces, V †

fL
yfVfR = ydiag

f
, for the “up” and “down”

quark flavors, f = u, d. We focus on axion cou-
plings to quarks, and refer the reader to Ref. [85]
for present and future prospects for testing lepton
flavor violating axion couplings. O↵-diagonal cou-
plings arise whenever PQ charges, XqL , XfR , are not
diagonal in the same basis as the yukawa matrices,
yf . Their sizes depend on the misalignment between
the two bases, parametrized by the unitary rotations
VfL , VfR (taking XqL , XfR to be diagonal).

Very di↵erent flavor textures of cV,A
fifj

are possible.
Provided a suitable set of PQ charges and appropri-
ate flavor structures of the SM yukawa matrices, it
is possible for just a single o↵-diagonal coupling to
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2-body decays probe much larger UV scales than 3-body decays  
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Constraints from Astrophysics

Best handle on axial-vector coupling to s-d from hyperon decays

Many hyperons in hot proto-neutron star formed 
during core-collapse supernovae [T ≈ 40 MeV]

Hyperon decays to axions provide extra cooling 
which would have shorten observed neutrino 
pulse of SN1987A 
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Baryon B1 BR(B1 ! B2a)90%
⇤ 8.5⇥ 10�3

⌃+ 4.9⇥ 10�3

⌅0 2.3⇥ 10�4

⌅� 6.4⇥ 10�4

⇤c 1
⇤b 4.1⇥ 10�2

TABLE II. The 90% CL upper bounds on the branch-
ing fractions for the baryon B1 ! B2a decays ob-
tained by adding up the measured branching fractions of
the exclusive modes (hyperons) or by comparing theory
predictions for lifetimes with the measurements (heavy
baryons).

at e+e� collisions just above the pair-production
threshold [119]. Note that bottom baryons are
not produced in the modern e+e� machines, since
they run at energies below the corresponding pair-
production thresholds, so that only LHCb, while
challenging, could have access to these decays.

D. Supernova bound

In the core of neutron stars (NS) hyperons coex-
ist in equilibrium with neutrons, protons and elec-
trons [120–123]. The decay ⇤ ! na would repre-
sent a new cooling mechanism for NS, and can thus
be constrained by stellar structure calculations and
observations. At exactly zero temperature, the de-
generate ⇤ and neutron distributions must have the
same Fermi energy, leaving no phase space for the
⇤ ! na decays to occur. The degeneracy is par-
tially lifted at finite temperature allowing for the
⇤ ! na transitions with a rate that increases with
the temperature. The impact of this new cooling
mechanism is maximal during the few seconds af-
ter the supernova explosion, when a proto-neutron
star (PNS) reaches temperatures of several tens of
MeV [124, 125].
In order to estimate the cooling facilitated by the

sd-axion interaction in this early phase of the su-
pernova evolution we assume that the PNS is a sys-
tem of non-interacting (finite temperature) Fermi
gases of neutrons, protons, electrons and ⇤ baryons
that are in thermal and chemical equilibrium. Fur-
thermore, we assume that the neutrinos are trapped
inside the PNS, while the lepton fraction num-
ber, relative to baryon number density, is taken
to be YL = 0.3 [126]. The occupancy of ⇤ states
is distributed according to the Fermi distribution
f⇤
ppp

= 1/
�
1 + exp

�
E⇤�µ⇤

T

��
where ppp is the ⇤ three-

momentum in the star’s rest frame, E⇤ its energy,
E2

⇤ = ppp2 +m2
⇤, and µ⇤ its chemical potential. Neu-

trons are distributed following an analogous distri-
bution, fn

p
0

p
0

p
0 , characterized by µn and labelled by the

corresponding neutron three-momentum p0p0p0, also in
the star’s frame. Anti-particles follow identical dis-
tributions with the replacement µ ! �µ, so that for
the temperatures expected in a PNS the densities of

⇤ and n are negligible.
The volume emission rate Q inside the PNS due

to the process ⇤ ! na is given by,

Q =
m3

⇤�(⇤ ! na)

⇡2(m2
⇤ �m2

n
)

Z 1

0
p dp⇥

⇥

Z
p
0
max

p
0
min

p0dp0
E⇤ � En

E⇤En

f⇤
ppp
(1� fn

p
0

p
0

p
0),

(13)

where p0max (p
0
min) is the maximal (minimal) neutron

momentum in the ⇤ ! na decay, if ⇤ has momen-
tum p = |ppp| (all in the PNS’s rest frame) 2. No-
tice that in the non-relativistic limit where p, p0 ⌧
m⇤ ⇠ mn, and in the limit of no Fermi blocking of
the final state neutrons, this formula reduces to a
more familiar form,

Q ' nn(m⇤ �mn)�(⇤ ! na) e�
m⇤�mn

T , (14)

where nn is the number density of neutrons.
Evaluating the distributions (chemical potentials)

for benchmark conditions of T = 30 MeV and nu-
clear density ⇢ = ⇢nuc, using Eq. (13), we obtain for
the energy loss per unit mass ✏ = Q/⇢,

✏ = 3.6⇥ 1038
erg

s g
GeV2

✓
f1(0)2

|FV

sd
|2

+
g1(0)2

|FA

sd
|2

◆
. (15)

Setting as the maximal limit on ✏ the energy
lost through neutrino emission one second after
the collapse of the supernova SN 1987A, ✏ .
1019 erg/s g [126, 127], one obtains bounds on |FA

sd
|

and |FV

sd
| in the range 109 - 1010 GeV.

Our estimates are a✏icted by significant uncer-
tainties. Nuclear interactions induce important cor-
rections in the calculation of the number densi-
ties [121, 123] and there are considerable stellar un-
certainties stemming from the complex physics at
work in the supernova. Note that the energy loss
per unit mass obtained using the approximate for-
mula in Eq. (14) is independent of the structural
details of the PNS, except for the temperature. At
T = 30 MeV this leads to an emission rate that is
⇠ 40% larger than in Eq. (15). More than anything,
the emission rate su↵ers from the uncertainty in the
temperature of the central region. Variation of this
quantity from 20 to 40 MeV changesQ by two orders
of magnitude. Finally, our bound crucially relies on
the validity of the standard scenario for the SN ex-
plosion as applied to SN 1987A, which was disputed
in a recent publication [128].

IV. BOUNDS FROM MESON MIXING

The exchanges of axions with flavor violating cou-
plings contribute to �F = 2 transitions and can

2
In the star’s rest frame ⇤ is moving in the direction of p̂pp.
The maximum (minimum) three-momentum of the neutron

in the PNS’s rest frame is reached when the neutron recoils

in the ⇤’s rest frame in the direction (in the direction op-

posite) to p̂pp.

Gives model-indep. bound on invisible hyperon decays:

a
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Constraints from Cosmology

Flavor-violating SM decays can produce axions in early universe

Belle-II will compete with 
future CMB telescopes

D’Eramo, Yun ‘21very light axions constrained by bounds on Dark Radiation from CMB
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Figure 4. Terrestrial versus CMB constraints for FV axions
coupled to leptons (upper panel) and quarks (lower panel).
Darker and fainter areas denote present and future terrestrial
bounds, respectively. CMB bounds follow the color code in the
legenda, the shaded magenta areas denote SN1987A bounds.

µ ! e + inv [67], and in the future it will be im-
proved thanks to the MEGII-fwd experiment [68]. We
include the astrophysical SN1987A bound from Ref. [27].
Searches for ⌧ ! (e, µ) + inv by the ARGUS collabora-
tion [69] constrain both F

V,A
⌧e and F

V,A
⌧µ , and Belle II [70]

will improve the sensitivity on both couplings [27].

The lower panel of Fig. 4 illustrates the current situ-
ation and future prospects for FV couplings to quarks.
Current bounds for the vector and axial currents are, re-
spectively, represented by the red and blue bars, and the
expected sensitivities in forthcoming experiments corre-
spond to the pale colored bars. Searches by the E949
collaboration [71] for K

+ ! ⇡
+ + inv provide the best

bound on the vector coupling F
V
sd with future improve-

ments by NA62 or KOTO [57]. The axial coupling F
A
sd

is instead tested by searches for ⌅0 ! ⌃0 + inv [72], and
the BESIII collaboration will provide an improved bound
via searches for the hyperon decay ⇤ ! n + inv [73].
These are milder than the SN1987A constraint [57, 74],
the observational cooling signal of which can be reduced
by decays of abundant hyperons inside the proto-neutron
star [75–78]. The CLEO collaboration [79] provides the

bound on the vector coupling F
V
cu through searches for

D
+ ! ⇡

+ + inv, and the BESIII collaboration will im-
prove this constraint by an order of magnitude [73]. The
axial coupling F

A
cu is constrained by D-D̄ mixing [80],

and the LHCb Phase II upgrade will improve such a
bound [81]. Finally, switching to the third generation,
searches by the BaBar collaboration for B+ ! ⇡

+ + inv
provide the current bound on the vector coupling FV

bd [82],
and Belle II will attain an improved sensitivity to F

V
bd

by an order of magnitude [74]. A stringent bound on
the axial coupling F

A
bd arises from the decay channel

⇤b ! n + inv [72], and Belle II will improve this bound
via B

+,0 ! ⇢
+,0+inv [57]. For couplings between second

and third generations, the BaBar collaboration searches
for B

+,0 ! K
+,0 + inv and B

+,0 ! K
⇤+,0 + inv give

the current experimental bound on F
V
bs and F

A
bs, respec-

tively [83]. Belle II will gather a 100 larger integrated
luminosity compared with BarBar, and this will lead to
an order of magnitude enhanced bound on F

V,A
bs [57].

The comprehensive, yet concise, summary illustrated
by Fig. 4 places us in front of the complementarity be-
tween terrestrial and cosmological searches for axion FV
interactions. For couplings involving the ⌧ lepton, cos-
mological data are already more constraining than the
bounds obtained in our laboratories, and this statement
will be true in the future as well once the new experi-
ments become operational. Planck bounds cannot com-
pete at the moment with hadronic experiments, and our
best constraints on hadronic FV couplings are all due
to laboratory searches. Intriguingly, future CMB-S4 will
reach a sensitivity stronger than the ones associated to
future laboratory experiments.

The axion is a hypothetical new particle beyond the
SM motivated from the top-down, and multiple experi-
mental strategies will probe a large fraction of the cou-
pling parameter space in the near future. CMB data pro-
vide an additional and complementary strategy to con-
strain axion couplings, and they are competitive with
other experimental searches for FV couplings. In this
study, we restrict ourselves to a model-independent anal-
ysis based on the e↵ective operators in Eq. (1). This
should be thought as the low-energy theory valid at the
energy scale where axion production takes place, which is
typically the mass of the heavier femion appearing in the
interacting vertex. Conceptually, from the high-energy
point of view, these FV interactions can arise both for
theories where flavor is conserved, and in these cases FV
arises from radiative corrections driven by SM couplings,
or for theories where flavor is violated already at the high
PQ scale. Our findings, summarized by Fig. 4, motivate
further studies within UV complete axion models.
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J. Martin Camalich, and H. Kim for useful discus-
sions. This work is supported by the research grants:
“The Dark Universe: A Synergic Multi-messenger Ap-
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bounds obtained in our laboratories, and this statement
will be true in the future as well once the new experi-
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best constraints on hadronic FV couplings are all due
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A simple Model of LFV ALP DM

• Freeze-in production of ALP DM from LFV decays of SM leptons

• ALP decays suppressed if sufficiently light (no EM anomaly)

Charge right-handed SM leptons 
under PQ as (1,-1,0) in flavor space

• Freeze-in via 𝜇-decays gives DM abundance for suitable ma  and  fa  
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We study scenarios where lepton flavor violating (LFV) couplings generate the present dark matter
abundance (or a fraction of it) through freeze-in. Generically, flavor violation is controlled by the
neutrino mixing matrix and the DM abundance fixes the relation between DM mass and flavor
violating decays. The allowed parameter space of this production mechanism will be fully probed
by future telescopes looking for decaying dark matter and new searches for lepton flavor violating
light particles at flavor factories.

I. INTRODUCTION

Light axions with tree-level flavor-violating couplings
to SM fermions allow to test enormously large scales of
Peccei-Quinn breaking at high-intensity laboratory ex-
periments [1, 2]. Scales up to about fa ⇠ 1012 GeV are
probed by NA62 in s � d transitions [3, 4], while lepton
flavor-violating (LFV) decays give sensitivity to scales up
to fa ⇠ 1010GeV [2, 5] . Such large decay constants imply
that the axion can be stable even on cosmological scales,
and thus there is a natural motivation for such scenarios
when the axion fully accounts for the DM relic density.
In general flavor-violating couplings of the axion depends
on the misaligment of PQ charges and SM Yukawas, and
thus require a theory of flavor in order to be predictive [6–
8]. Here we present a scenario where LFV decays of SM
leptons are directly responsible for producing axion DM
(or a fraction of it) in the early universe through thermal
freeze-in. This gives rise to a very simple and predic-
tive model of axion DM which can be further tested with
future X-ray and low energy �-ray telescopes [9–14], in
future Xenon-based DM direct detection experiments [?
] as well as in future LFV experiments at MEG II and
Mu3e [2, 5, 15] if new search strategies for light particles
will be implemented.

II. THE FRAMEWORK

We consider a “lepto-philic” anomaly-free axion, which
is massive pseudo-Goldstone boson a that only couples
to SM leptons according to the e↵ective Lagrangian

Le↵ =
@µa

2fa
`i�

µ
⇣
CV

`i`j + CA
`i`j�5

⌘
`j �

m2
a

2
a2 , (1)

where CA,V
`i`j

are traceless hermitian matrices in lepton
flavor space. They originate from rotating the charge
matrices of the underlying, spontaneously broken U(1)X
symmetry to the mass basis:

CV,A
eiej = V †

RXeVR ± V †
LX`VL , CV,A

⌫i⌫j
= ±V †

⌫ X`V⌫ , (2)

whereXe (X`) are the traceless U(1)X charges of SU(2)L
singlet (doublet) fields, and the unitary matrices are de-
fined by V †

LMeVR = Mdiag
e , V †

⌫ M⌫V⌫ = Mdiag
⌫ and left-

handed charged lepton and neutrino rotations are related
by the PMNS matrix VPMNS = V †

LV⌫ .
In the following we will discuss two scenarios: first we

consider the case where only RH leptons of 1st and 2nd
generation are charged under U(1)X , so that (without
loss of generality) Xe = diag(1,�1, 0) and X` = 0, while
in the second scenario we consider the same charges for
LH fields: X` = diag(1,�1, 0) and Xe = 0. In the first
case the rotation matrix is taken to be a general rotation
in the 1-2 space parameterized by an angle 0  ↵  ⇡/2,
suitably defined such that in the mass basis

CV
eiej = CA

eiej =

0

@
s↵ c↵ 0
c↵ �s↵ 0
0 0 0

1

A , CV,A
⌫i⌫j

= 0 . (3)

While this scenario will mainly serve as a toy model to il-
lustrate the basic features of the general setup, in the sec-
ond case we will consider the more realistic case that the
rotation matrix in the LH sector is given by the PMNS
matrix, i.e. that V⌫ is close to the identity. This gives in
the mass basis

CV
eiej = �CA

eiej = VPMNS diag(1,�1, 0)V †
PMNS ,

CV
⌫i⌫j

= �CA
⌫i⌫j

= diag(1,�1, 0) . (4)

The first scenario depends on three free parameters: fa,
ma and ↵, while second only depends on fa andma, apart
from yet undetermined features of the neutrino sector, i.e.
the absolute neutrino mass scale and the mass hierarchy
(inverted (IO) or normal ordering (NO)). One would also
expect ALP couplings to quarks to be present, and we
will comment on their impact later on.

A. Decaying Dark Matter

In order to be stable on cosmological scales, the ax-
ion must be su�ciently light such that the decay chan-
nel into electrons is kinematically close. We will then

ALP is VERY stable 
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consider ma < 1 MeV so that the axion can only de-
cay into photons and neutrinos with a total decay rate
�a = �a!�� + �a!⌫⌫ , where

�a!�� =
↵2
em

64⇡3
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X

i
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eiei
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X

i

CA
⌫i⌫i

m⌫i

fa

�����

2
, (5)

It is worth noticing that the decay rate into photons
is suppressed by powers of m2

a/m
2
` since there is no elec-

tromagnetic anomaly (see e.g. Ref. [16, 17]). As a con-
sequence �a!�� is dominated by the electron loop for
generic diagonal couplings to leptons. The decay rate
into neutrinos arises from the axial-vector coupling in
Eq. 1 and therefore is proportional to the sum squared
of neutrino masses. The ratio �a!��/�a!⌫⌫ is indepen-
dent on fa but strongly depends on the axion DM mass
(⇠ m6

a). Hence for fairly light ALP the main decay chan-
nel is expected to be into neutrinos. For instance, takingP

i m⌫i = 0.05 eV, �a!��/�a!⌫⌫ becomes smaller than
one for ma . 60 keV. To good approximation the ALP
partial widths into photons and neutrinos are

⌧��a =
1

�a!��
= 1020 sec


60 keV

ma

�7  fa/C`

109GeV

�2

⌧⌫⌫a =
1

�a!⌫⌫
= 3⇥ 1020 sec


20 keV

ma

� 
fa/C`

109GeV

�2 , (6)

where C` ⌘ CA
ee = CA

⌫i⌫i
⇠ O(1) and the axion life-

time is ⌧a = ⌧��a + ⌧⌫⌫a . For axion decay constants in
the right ballpark for producing DM through freeze-in of
SM lepton decays the axion lifetime exceed by roughly
two orders of magnitudes the cosmological constraint on
decaying DM which requires ⌧a > 5⇥ 1018 sec [18] .

The axion partial width into photons is further con-
strained by the CMB anisotropy spectrum which give a
bound on the lifetime of roughly ⌧a & 3⇥ 1024 sec in the
mass range of interest [19, 20]. Stronger constraints can
be derived from indirect searches of X rays which span
between ⌧a & 1026sec to ⌧a & 1028 sec depending on the
precise mass range [9, 21–41] and assuming a NFW DM
profile1. We collected the relevant constraints for decay-
ing DM in the keV-MeV range in Fig. 4 together with
the projected sensitivities of future telescopes [9–14].

B. Production of axion Dark Matter

For values of the axion decay constant allowed by the
constraints on decaying DM, the axion was never in ther-
mal equilibrium in the early Universe so that the di↵erent

1 It is worth mentioning that the dependence on the DM profile
is less severe for decaying DM compared to the DM annihilation
case as explicitly showed in Ref. [40]

contributions to the DM abundance come from inflation-
ary production, misalignment mechanism and freeze-in
of SM lepton decays and 2 ! 2 scattering processes.
Thermal axion will be dominantly produced through

their couplings to SM leptons via the freeze-in [49]. Since
we are assuming similar sizes of flavor-diagonal and o↵-
diagonal couplings, the decays of SM leptons `i ! `ja
will dominate over scattering processes ``0 ! �a and
`� ! `0a, which are additionally suppressed by ↵em.
Assuming that axion production happens during radi-
ation dominated era and that the e↵ective number of rel-
ativsitic degrees of freedom is approximately constant,
one can derive a simple analytic expression for the relic
density that only depends on the FV decay rate and the
axion mass

⌦ah
2
|`i!`ja ⇡ 4.4⇥ 1027

�(`i ! `ja)

g3/2⇤ (m`i)

ma

m2
`i

, (7)

where g⇤(m`i) denote the e↵ective number of relativistic
degrees of freedom at the relevant freeze-in temperature
TFI ⇡ m`i . Expressing the decay rate in terms of axion
couplings, �(`i ! `ja) / m3

`i
/f2

a , the current DM relic
density can be obtained from e.g. muon decays

⌦ah
2
|µ!ea ⇡ 0.19

⇣ ma

20 keV

⌘✓
109GeV

fa/Cµe

◆2

, (8)

with Cµe ⌘

q
|CV

µe|
2 + |CA

µe|
2/
p
2 and similar numbers

for ⌧ decays. Remarkably, the required decay constants
fa ⇠ 109GeV are not only consistent with the require-
ment of su�ciently stable axions in Eq. (??), but also in
the ballpark of current exclusions for LFV axions from
µ ! e decays and stellar cooling bounds/hints [2, 47, 48].
Freeze-in scenarios are potentially sensitive to DM pro-

duction processes which are dominated by high temper-
atures. In the present case, such processes arise from
2 ! 2 scattering processes via the dimension-5 operator
of the form (for simplicity we restrict to µ�e transitions)

Le↵ = �iCA
µe

a

fa

m`2

v
hµLeR + h.c. (9)

which arise from Eq. (1) upon integrating by parts and
using the fermion equation of motions (or equivalently
performing a-dependent fermion field redefinitions). This
interaction contributes to freeze-in production of axion
via µh ! ea and similar processes, which are UV-
sensitive, i.e. they depend on the reheating temperature
TR (cf. Ref. [49])

⌦UVh
2
'

mµTR

3⇡3v2
⇥ ⌦ah

2
|µ!ea . (10)

Requiring the UV contribution to be subdominant with
respect to production from muon decays then gives an
upper bound on the reheating temperature, which reads
TR . 3⇡3v2/mµ ⇠ 3⇥ 107GeV and similarly for ⌧ � e/µ
transitions TR . 2⇥106GeV. [diego: with this rehat-

ing temperatures it is not clear that misalignment

works as usual. check!]
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FIG. 1.

cays into an axions reaches decay constants fa/C⌧` up
to 108 GeV [2, 64] which is unfortunately not relevant
for axion freeze-in. We show the parameter space of this
peculiar case in in Fig. 1 right.

IV. CONCLUSIONS

We defined simple targets for axion freeze-in from LFV
decays.
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Appendix A: Constraints on Decaying Dark Matter

We summarize here the di↵erent constraints on decay-
ing dark matter into diphotons in the keV-MeV mass
range, which are the ones of interest for our study. Our
recollection is illustrated in Fig. 2.

First we show in light blue the cosmological constraints
on decaying DM which originate from the high energy
photons injected in the photon-baryon fluid. These high
energy particles will tend to ionize hydrogen and leave
imprints in the CMB anisotropies [19, 65, 66] and lead
to distortions of the CMB black body spectrum [20, 67].
CMB anisotropies constrain axion diphoton lifetimes of

order 1024 sec for axion masses above 10 keV [19]. In
the whole keV- MeV mass range, X-rays and low energy
gamma-rays searches set stronger constraints than cos-
mology. In Fig. 2 we show bounds from XQC sound-
ing rocket [9, 25] which sets the most stringent limit
in a tiny mass region around ma ' 1 keV. At higher
masses, many searches have been performed since the
3.5 keV line excess was first found in Ref. [68] analyzing
the XMM-Newton observations in a stack of galaxy clus-
ters. We show the current best limits sets by Chandra
observation of the M 31 galaxy [69] and Andromeda [35].
At higher masses, the di↵erent observations of the NuS-
TAR telescope [37–39] set the most stringer constraints
on decaying DM. Between 100 keV and 1 MeV the most
stringent constraint comes from INTEGRAL full emis-
sion profile [70] analyzed in Ref, [40]. It is worth notic-
ing that this recent analysis got a less stringent constraint
compared to Ref. [36], which was using INTEGRAL data
correlated with an emission template.

We also collect in Fig. 2 the expected sensitivities of
di↵erent future telescopes. At high masses we show the
projected sensivity of GECCO obtained in Ref. [13]. At
lower masses an improved sensitivity is expected from the
forthcoming THESEUS mission covering a wide energy
range between 1 and 350 keV [11]. At lower energies fu-
ture X-ray missions like e-ROSITA and especially Athena
are expected to probe dark matter lifetimes exceeding
1030sec [10, 12, 14] down to few keV’s. The reach around
the mass region of 1 keV will be extended by [diego:

complete!]



Summary 

✴ QCD axions with flavor-violating couplings can be searched for by 
precision flavor experiments, probing decay constants of 1012 GeV

✴ LFV decays of SM leptons can yield axion DM via thermal freeze-in: 
simple class of DM models that can be tested at Mu3e and MEG-II

✴ SN1987A gives best constraints on flavor-violating hyperon decays 
to invisibles


