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…and (QCD) Axion Dark Matter!
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✤ Axions are excellent DM candidates

Axion Dark Matter

Pseudo-Goldstone bosons of PQ symmetry broken at high scales

light decoupled

stable on cosmological scales

✤ Produced in early universe via misalignment, decays of topological 
defects, thermal freeze-out, thermal freeze-in, …

naturally for QCD axion
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✤ Often ignored, but general axion couplings are flavor-violating!

Flavor-violating Axions

proliferates parameters, but enriches phenomemology

✤ Allows for axion production from decays of SM particles
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in precision flavor factories, SN1987A and early universe

direct searches star cooling freeze-in 
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✤ Two possible sources of flavor-violating axion couplings

Theoretical Motivation

1) Tree-level misalignment of PQ charges and Yukawas
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➡ predictive scenario when PQ = flavor symmetry addressing Yukawa hierarchies  

Calibbi, Goertz, Redigolo, RZ, Zupan ’16; Ema et al ’16; Wilczek ‘82

➡ present in non-universal DFSZ models: couplings given by Yukawa misalignment

2) SM flavor violation from RG running

e.g. PQ = FN:

 Bauer et al ‘21
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Axion Production in Flavor Factories

look like meson/lepton decays with neutrino pair, but 2-body

Quarks

Leptons

SM background tiny                              

SM background huge
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Experimental analyses of 2-body meson decays are rare 

✤ Test flavor-violating couplings with SM decays + missing energy

e.g. no bound on 
recast
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✤ 2-body decays probe LARGE NP scales [and typically more constraining than meson mixing]

[but can profit from polarization]

B ! Ka
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Summary of present and future Constraints
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Constraints from SN1987A

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: limits energy loss rate

Gives best bound on invisible hyperon decays:

a
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Constraints from Cosmology

Belle-II will compete with 
future CMB telescopes

very light axions constrained by bounds on Dark Radiation from CMB

4

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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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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Axion Dark Matter from SM Decays

✤ Use flavor-violating decays as main production of axion Dark Matter
LFV: 2209.03371, with P. Panci, D. Redigolo, T. Schwetz

DM Abundance

DM Stability

need anomaly-free PQ and light axion/ 
heavy lepton/small diagonal coupling

<latexit sha1_base64="5Kpx2JGsMrfVQdS+8F8tmt2RDZA="></latexit>

. 1

1028sec

abundance fixes decay rate: get explicit targets for exp. searches 

X-ray telescopes

<latexit sha1_base64="juvOLnKBeyYTJDIwRPWg3hOqvog="></latexit>

�(a ! ��) / m3
a

f2
a

�����E +N + Cii
m2

a

12m2
`i

�����

2

gives viable axion mass window

lab constraints & 
Warm Dark Matter

<latexit sha1_base64="dZnm7n4DeYmjiNF1MmUIb9zO7uQ="></latexit>

mmin
a < ma < mmax

a

kinematic 
threshold

<latexit sha1_base64="YUT14W8VkzKHKEeI3bLLdFsl5fc="></latexit>

⌦ah
2 / ma�(`i ! `ja) / ma

C2
ij

f2
a

<latexit sha1_base64="+R6dpyEvoHqN0nWZsaw6whfS1Y0="></latexit>

= 0.12



Explicit LFV Scenarios

✤ Give leptons traceless PQ charges (two generations for simplicity)

IR freeze-in from LFV decays

Lepton Flavor Violation targets from axion freeze-in
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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
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Summary 

★ in precision flavor experiments, probing decay constants up 
to 1012 GeV (NA62) or 1010 GeV (Mu3e) or 108 GeV (B-factories) 

★ in the early universe, giving observed DM abundance via freeze-in: 
very simple class of DM models that can be tested at flavor factories 
such as Mu3e and MEG-II [quark case in progress ]

★ in SN1987A from decays of moderately heavy flavors, contributing 
to energy loss and providing strongest bounds on hyperons decays

DM Axions with flavor-violating couplings can be produced by SM decays  
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Flavor Constraints in the Axion Plane
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Flavor Anarchy vs. MFV
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Fig. 4: Constraints on the axion decay constant fa for the flavor anarchic (left) and minimal flavor violation (right)
benchmarks. The constraints from NA62 are showed as colored regions, cf. Fig. 3. The SN1987A constraints (grey
region) are taken from Ref. [113] for SN cooling through nucleon bremsstrahlung NN ! NN + inv, and from
Ref. [96] for cooling via hyperon decays ⇤ ! n+inv. The K�K̄ mixing constraints assume that the dimension-6
UV contributions are small. Also shown in the right panel are the contour lines below which the ALP is no longer
long-lived (c⌧a < 1 m) and above which its lifetime is stringently constrained by cosmology (⌧a > 1 s).

Phenomenological constraints in explicit models usually imply fa � 10
6

GeV, so that the QCD axion
is essentially massless and stable for collider purposes. By definition the QCD axion couples to glu-
ons, N3 6= 0, while couplings to fermions are model dependent. Flavor-violating couplings generically
arise when Peccei-Quinn (PQ) charges are flavor non-universal. This possibility is especially well mo-
tivated if the PQ symmetry is (partially) responsible for explaining the hierarchies in the SM Yukawa
couplings [57, 58].

In Fig. 5 we compare the most stringent constraints on the QCD axion couplings at µ = µc. As
illustrative examples we consider three distinct cases: i) only the FV vector coupling CV

sd is nonzero, ii)
only the FV axial-vector coupling CA

sd is nonzero, and iii) the combination of flavor-diagonal couplings
Cqq ⌘ N3 = CV

qq = CA

qq are all nonzero. For all three cases we show the constraints both from SN
cooling (“SN1987A”) as well as the constraints from the laboratory experiments (“Lab”). The SN cooling
constraints are due to hyperon decays (for flavor-violating cases) and from nucleon bremsstrahlung (for
the flavor-diagonal scenario). For nucleon bremsstrahlung the constraints come from observations of the
SN neutrino flux, implying that proto-neutron star (PNS) did not have effective non-standard cooling
mechanisms. The bounds from SN cooling apply for values above fa & 15 TeV, since otherwise axions
become trapped inside the PNS [114]. Note that the constraints from axion production through hyperon
decays do not have a trapping regime [96] and therefore are valid also in the large coupling (small fa)
regime. The laboratory constraints are due to the bounds on K+ ! ⇡+X for the CV

sd and Cqq cases,
and from K+ ! ⇡+⇡0X for the CA

sd case [96], using the results of the ISTRA+ experiment [119]. The
stronger constraints on KL ! ⇡0⇡0X decays from E391a [120] do not apply to the ma = 0 case.

Fig. 5 shows that NA62 searches are sensitive to the QCD axion (or more generally, a very light
invisible ALP) if it has sizable flavor-violating vector couplings. For flavor-violating axial couplings
or the flavor-diagonal case the constraints from SN1987A are instead stronger than the NA62 reach by
several orders of magnitude. This model-independent observation allows to test the way Peccei-Quinn
U(1) symmetry is embedded in the SM flavor group. In particular, if this abelian symmetry is identified
with the symmetry explaining the Yukawa textures à la Froggatt-Nielsen then the resulting QCD axion
could be probed simultaneously as DM by the cavity experiments such as ADMX and via the K+ ! ⇡+a
decays at NA62 [57, 58]. If U(1)PQ is part of a non-abelian flavor group such as U(2) [121–125] the
flavor-violating axion couplings can instead be strongly suppressed [124].
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Lepton Sector Bounds

Present best limits

Process BR Limit Decay constant Bound (GeV) Experiment

Star cooling – F
A
ee 4.6 ⇥ 109 WDs [44]

– F
A
µµ 1.3 ⇥ 108 SN1987Aµµ [45, 46]

4 ⇥ 10�3
Fµe 1.4 ⇥ 108 SN1987Aµe (Sec. 6.1)

µ ! e a 2.6 ⇥ 10�6⇤
Fµe (V or A) 4.8 ⇥ 109 Jodidio at al. [9]

µ ! e a 2.5 ⇥ 10�6⇤
Fµe (V + A) 4.9 ⇥ 109 Jodidio et al. [9]

µ ! e a 5.8 ⇥ 10�5⇤
Fµe (V � A) 1.0 ⇥ 109 TWIST [10]

µ ! e a � 1.1 ⇥ 10�9⇤
Fµe 5.1 ⇥ 108# Crystal Box [47]

⌧ ! e a 2.7 ⇥ 10�3⇤⇤
F⌧e 4.3 ⇥ 106 ARGUS [43]

⌧ ! µ a 4.5 ⇥ 10�3⇤⇤
F⌧µ 3.3 ⇥ 106 ARGUS [43]

Expected future sensitivities

Process BR Sens. Decay constant Sens. (GeV) Experiment

µ ! e a 7.2 ⇥ 10�7⇤
Fµe (V or A) 9.2 ⇥ 109 MEGII-fwd?

µ ! e a 7.2 ⇥ 10�8⇤
Fµe (V or A) 2.9 ⇥ 1010 MEGII-fwd??

µ ! e a 7.3 ⇥ 10�8⇤
Fµe (V or A) 2.9 ⇥ 1010 Mu3e [42]

⌧ ! e a 8.3 ⇥ 10�6⇤⇤
F⌧e 7.7 ⇥ 107 Belle II

⌧ ! µ a 2.0 ⇥ 10�5⇤⇤
F⌧µ 4.9 ⇥ 107 Belle II

Table 1. The present model independent 95% C.L. best bounds on leptonic ALP couplings F
V,A

``0 ,
Eq. (2.2), are given in the upper part of the Table, with future projections listed in the lower part.
The bounds assume ma below the mass resolution of the experiments considered here (see Fig. 1 for
modifications when ma is sizable). These follow from 90% C.L. (⇤) and 95% C.L. (⇤⇤) bounds on
branching ratios in the 2nd column, rescaled using Z95/Z90 = 1.3 when necessary. The MEGII-fwd
projections are obtained for two di↵erent sets of assumptions: MEGII-fwd? assumes �xe = 10�2

and hPµi�1 = 10�2 with no focusing, while MEGII-fwd?? in contrast sets the focusing to F = 100,
roughly what was achieved in the 1986 experiment by Jodidio et al [9], cf. Sec. 3.2 for details. The
Belle II projection for ⌧ ! µa is rescaled from the Belle MC simulation in Ref. [48], while the one
for ⌧ ! ea is rescaled directly from the ARGUS result [43]. (#) The Crystal Box bound on Fµe can
vary between (5.1 � 8.3) ⇥ 108 GeV depending on the assumed positron energy loss, cf. Eq. (4.9).

where z± = 1 � (m`i ± m`j )
2
/m

2
a, so that for ma � m`i,`j we have z± ! 1. In the limit

mi = mj the result reduces to

�(a ! `i`i) =
ma

2⇡

✓
m`i

F
A

ij

◆2
s

1 �
4m

2
`i

m2
a

. (2.8)

The ALP decays to neutrinos are often suppressed, so that in the bulk of the paper we set

�(a ! ⌫i⌫j) = 0 (the majoron is an important exception, see Sec. 7.4). The coupling to

photons, Ee↵ , depends on the UV physics as well as on the IR derivative couplings of ALP

– 7 –
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Constraints from Meson Decays

e.g. no bound in PDG on D+ ! ⇡+a,B ! K⇤a,B ! ⇢a

<latexit sha1_base64="vMM66Ib1x48EWT61E99/rYdT/cI="></latexit>

4

Decay sd cu bd bs

BR(P1 ! P2 + a) 7.3⇥ 10�11 [85] no analysis 4.9⇥ 10�5 [86] 4.9⇥ 10�5 [86]
BR(P1 ! P2 + a)recast no need 8.0⇥ 10�6 [87] 2.3⇥ 10�5 [88] 7.1⇥ 10�6 [89]
BR(P1 ! P2 + ⌫⌫) 1.47+1.30

�0.89 ⇥ 10�10 [85] no analysis 0.8⇥ 10�5 [90] 1.6⇥ 10�5 [90]

BR(P1 ! V2 + a) 3.8⇥ 10�5 [91] no analysis no analysis no analysis
BR(P1 ! V2 + a)recast no need no data no data 5.3⇥ 10�5 [89]
BR(P1 ! V2 + ⌫⌫) 4.3⇥ 10�5 [91] no analysis 2.8⇥ 10�5 [90] 2.7⇥ 10�5 [90]

TABLE I. Experimental inputs for meson decays, see text for details. We show the 90% CL upper bounds on the
branching ratios of a pseudo-scalar meson P1 to another pseudo-scalar (P2) or vector (V2) meson (for sd transitions
V2 = ⇡⇡ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case we
also show our bounds obtained by recasting related searches for invisible decays (subscript ”recast”).

Xinv = ⌫⌫, a, searches. One could also search for a
c ! ua signal in Ds ! Ka, Ds ! K⇤a decays, all
of which could be performed at Belle II and BESIII.
Potentially, LHCb could also probe these couplings
using decay chains, such as B�

! D0⇡� followed
by D0

! ⇢0a, which results in three charged pi-
ons + MET and two displaced vertices. The lack
of such analyses means that there is at present no
bound from meson decays on axial cu couplings to
the axion. Similarly, there is at present no pub-
licly available experimental analysis that bounds
the B ! ⇢a decays (as discussed above, one can-
not readily use for that purpose the B ! ⇢⌫⌫
Belle data from Ref. [90], while BaBar has not
performed such an analysis). Finally, our recast
bounds on B ! K(⇤)a,B ! ⇡a could be easily
improved by dedicated experimental searches using
already collected data. At LHCb one could mea-
sure the B ! K⇤a and B ! ⇢a branching ratios

using the decay chains such as B
0⇤⇤
s

! K+B� or

B
0⇤⇤

! ⇡+B� followed by B�
! K⇤�(! KS⇡�)a,

or B
0⇤⇤
s

! KSB
0
followed by B

0
! K

⇤0
a, ⇢0a

[101]. One could also attempt more challenging de-
cay chain measurements such asB⇤

s
! Bs�, followed

by Bs ! �a or Bs ! K⇤a.
We now convert the bounds on the branching ra-

tios in Table I to bounds on flavor violating cou-
plings of axions to quarks, Eqs. (1), (2). The corre-
sponding partial decay widths are given by

� = 12

8
<

:

f+(0)2

|FV
ij |2

, P1 ! P2a

A0(0)
2

|FA
ij |2

, P1 ! V2a
(5)

with the kinematic prefactor

12 =
M3

1

16⇡

✓
1�

M2
2

M2
1

◆3

, (6)

where M1 (M2) is the mass of the parent (daughter)
meson. Since KL ! ⇡0a decay is CP violating, the
partial decay width in that case is given by

�KL!⇡0a = 12f+(0)
2
⇥
Im (1/FV

sd
)
⇤2
, (7)

and thus vanishes in the CP conserving limit,
ImFV

sd
= 0, cf. Eq. (2). The KL ! ⇡0a and K+

!

⇡+a decay rates obey the Grossman-Nir bound
BR(KL ! ⇡0a)  4.3BR(K+

! ⇡+a) [102, 103].
The form factors f+(q2) and A0(q2) are defined

in Appendix C, where we also collect the numerical
values used as inputs in the numerical analysis. The
resulting bounds on axion couplings FV,A

ij
are shown

in Tab. III. The implications of these results and
future projections will be discussed in Sec. VII.

B. Bounds from three-body meson decays

The E787 experiment at Brookhaven performed a
search for the three-body K+

! ⇡0⇡+a decay me-
diated by the s ! da transition, and set the bound
BR(K+

! ⇡0⇡+a)  3.8 ⇥ 10�5 at 90% CL [91].
The related decay mode KL ! ⇡0⇡0a has also been
searched for, resulting in the upper limit for light
massive axions BR(KL ! ⇡0⇡0a) . 0.7⇥10�6 [104].
However, this analysis excluded the ma = 0 kine-
matic region and is thus not applicable to the case
of the QCD axion [105]. Other decay modes such as
KL ! ⇡+⇡�a or those involving the decays of KS

have not been investigated experimentally.
Parity conservation implies that the K ! ⇡⇡a

decays are sensitive only to the axial-vector cou-
plings of the axion to quarks (see Appendix C). The
form factors entering the predictions are related via
isospin symmetry to the form factors measured in
K+

! ⇡+⇡�e+⌫ [106–109], making precise predic-
tions for K ! ⇡⇡a decay rates possible. The two
final state pions can be only in the total isospin
I = 0 or the I = 1 state, since the s ! da La-
grangian is |�I| = 1/2, while the initial kaon is part
of an isodoublet. Bose symmetry demands the de-
cay amplitude to be symmetric with respect to the
exchange of the two pions. The I = 0 (I = 1) am-
plitude is even (odd) under this permutation. The
form factors must therefore enter in combinations
which are even (odd) with respect to the exchange
of pion momenta, p⇡1 $ p⇡2 . The two pions in the
decay K0

! ⇡0⇡0a (K+
! ⇡+⇡0a) are in a pure

I = 0 (I = 1) state and one obtains,

d�(KL ! ⇡0⇡0a)

ds
=

⇥
Re (1/FA

sd
)
⇤2 (m2

K0 � s)3

1024⇡3m5
K

�F 2
s
,

(8)
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

=
m2

⌫⌫

m2
B
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• Experimental bounds often old or non-existent

• Need to recast data for SM decays in 2-body region

BaBar

e.g. recast CLEO data on  D ! ⌧⌫, ⌧ ! ⇡⌫
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