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★ Flavored Axion Phenomenology

✴ Precision Flavor Experiments

✴ Flavor Constraints from SN1987A

✴ Axion Dark Matter from LFV Decays 2209.03371
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★ Introduction

✴ The Strong CP Problem and the QCD Axion

✴ Axion Dark Matter

✴ Axion Phenomenology



The Strong CP Problem

✴ Gauge and Lorentz invariance allow 
CP-violating topological term for QCD
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✴ Contributes to neutron electric dipole 
moment that has stringent upper bound

✴ Difficult to explain small 𝜃 with symmetries or anthropic arguments 

• CP already broken by weak interactions (but radiatively induced 𝜃 tiny)

• 𝜃 has not much impact on structure formation in the universe
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✴ Most elegant solution with light new particle: QCD Axion
also solutions with heavy new physics: spontaneous P or CP violation 



The QCD Axion Solution

✴ If 𝜃 was dynamical field, QCD generates potential with trivial minimum

✴ Realized as Goldstone boson of new global (“Peccei-Quinn”) symmetry 
that is broken twice: spontaneously & by chiral anomaly 
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Peccei, Quinn ‘77; Wilczek; Weinberg ’78

Goldstone boson QCD Anomaly QCD Axion:
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Axion mass and Axion-like Particles

✴ QCD generates tiny axion mass fixed in terms of PQ breaking scale
can be calculated easily in 𝝌PT, after field redefinition that absorbs axion into light quark masses

Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

✴ QCD axion can be generalized to “axion-like” particle (ALP)

• ALP mass is free parameter 

• does not solve strong CP problem [unless more model-building effort]

• motivated by DM & phenomenology [even @LHC in contrast to QCD axion]
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✴ Axions are excellent Dark Matter 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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Axion DM Production

✴ Misalignment 
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2
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✴ Thermal Freeze-In 

Preskill, Wise, Wilczek / Abbott, Sikivie / Dine, Fischler ’83

Energy stored in oscillations 
behaves like Cold Dark Matter
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EoM of classical scalar field in 
expanding universe is oscillator with 
time-dependent friction and mass  
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Hall, Jedamzik, March-Russell, West ‘09

DM with coupling to SM so tiny that never in equilibrium

DM abundance slowly builds up 
from SM decay/scattering until SM 
particles become non-relativistic 
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solves Strong CP Problem 
& generates axion mass

contributes to axion 
couplings to photons

axion couplings to fermions 
(in general flavor-violating) 

Georgi, Kaplan, Randall ’86

Axion Phenomenology

✴ Most general axion couplings to SM are described by effective 
Lagrangian well below PQ breaking scale

✴ All terms respect shift symmetry except for anomalous couplings 
to gauge fields and are suppressed by PQ breaking scale



Axion Couplings to Photons

✴ Contributions from EM anomaly, axion-pion mixing, fermion loops

✴ Standard axion search channel, since experimentally easy and generic 

solar photon

axion

X-ray photon

Helioscopes 
e.g. CAST 
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Haloscopes 
e.g. ADMX 

DM axion

photon  

resonantly detected by 
microwave cavity  
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Present Constraints and Prospects
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✴ Usually ignored, but general axion couplings are flavor-violating!

Flavor-violating Axions

proliferates parameters, but enriches phenomemology
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✴ 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 

e.g.
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Origin of flavor-violating Couplings

✴ Fermion couplings determined by PQ charges in fermion mass basis

✴ Predictive when PQ = flavor symmetry addressing SM Flavor Puzzle
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sizable light 
quark transitions
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A realistic U(2) Model of Flavor

U(2) forbids most Yukawas but spontaneously broken

✴ SM fermions in 2+1 of SU(2) and U(1) charges compatible with SU(5)

Outline

Realistic extension of U(2) models by Barbieri & al. 
R. Barbieri, G. Dvali, L. Hall ’96

charged lepton and neutrino masses follow the simple pattern

m{u,d,e,⌫} ⇠

0

@
0 "2 0
"2 "2 {", "2, ", "2}
0 {", ", "2, "2} {1, ", ", "2}

1

A , (5.27)

where the mass scale is set by v in the quark and charged lepton sector and v2/M in the
neutrino sector. The di↵erence between the fermion sectors just follows from the di↵erent
U(1) charge assignment for the third generation, see Eq. (5.26). Although this model is more
predictive than the Dirac case, since two U(1) charges are replaced by a single mass scale
M , we obtain an excellent fit to all SM observables with O(1) coe�cients between 0.4 and 2,
see Table 10. From this fit we can again predict the overall neutrino mass scales, and as in
the previous case only neutrinos with normal mass hierarchy are viable. Scanning over many
good fits we have obtained a slightly narrower range for the sum of neutrino masses roughly
given by (58÷ 78) meV, while again the predictions for the e↵ective neutrino mass entering
beta decay and neutrinoless double beta decay are far below future experimental sensitivities,
see Table 12.

Finally we have discussed the various possibilities to test our models apart from the
predictions in the neutrino sector. In general sizable deviations in experimental observables
from the SM require the existence of su�ciently light degrees of freedom. While there is
no particular reason why the cuto↵ and its associated dynamics should be light, there is
the natural possibility to solve the strong CP problem and account for DM through the
Goldstone boson of the global U(1)F symmetry, which we refer to as the U(2) Axiflavon. In
contrast to the Axiflavon related to a single Froggatt-Nielsen U(1)F symmetry as presented in
Refs. [11], here the flavor-violating couplings of the axion are protected by the approximate
U(2) symmetry. Therefore the U(2) Axiflavon looks very much like a usual DFSZ/KSVZ
axion, with the strongest constraint from WD cooling, which requires a su�ciently light
axion ma < 14 meV. Particularly interesting is the axion mass range where DM can be
explained through the misalignment mechanism, implying axion masses around (1÷ 40)µeV,
which corresponds to a cuto↵ scale of roughly (1013 ÷ 1015)GeV. This range will be tested
by future axion haloscope searches.

The present model could be extended in several ways: 1) A more careful study of the
neutrino sector might allow to pin down the predictions analytically, and it could be interesting
to take a closer look to the type-I seesaw model, in particular its connection with Leptogenesis
2) One could embed the model into a supersymmetric framework to address the hierarchy
problem 3) Finally it might be interesting to study possible UV completions and calculate
the low-energy constraints from flavor-violating obervables on the new dynamics.
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(viable CKM, neutrinos included, no SUSY) R. Barbieri, L. Hall, A. Romanino ’97   ….

The U(2) 
Axiflavon

SummaryIntro Quarks and 
charged leptons

Neutrino 
Sector

✏ ⇠ Vcb
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Describes all Yukawa hierarchies in terms 
of one small parameter + O(1) coefficients Barbieri, Dvali, Hall ’96

Linster, RZ ‘18

below a UV scale ⇤, which sets the relevant mass scale for additional dynamics. We assume
that the scale ⇤ is large enough to safely neglect the impact of these new degrees of freedom
on phenomenology. Thus we simply work with an e↵ective theory with cut-o↵ scale ⇤ that
only involves SM fields and spurions that parametrize the breaking of SU(2)F ⇥ U(1)F .

The SM fermions have U(2)F quantum numbers that are compatible with an SU(5) GUT
structure, i.e. they are specified by the quantum number of the two SU(5) representations
10 = Q,U,E and 5 = L,E. The first two generations transform as a doublet under SU(2)F ,
the third generation is an SU(2)F singlet and the Higgs field is a singlet under both SU(2)F
and U(1)F . Thus, the U(1)F quantum numbers of the SM fermions are specified by four
charges {X10a , X5a , X103 , X53

} for {10a,5a,103,53} with a = 1, 2. It turns out that a suc-
cessful fit to the observed fermion masses and mixings can be achieved for the following simple
choice for U(1)F charges:

X103 = 0 , X10a = X5a = X53
= 1 . (2.1)

The breaking of the flavor symmetry is described by two scalar spurions � and �, which
transform under U(2)F as � = 2�1 and �= 1�1. These fields acquire the following vacuum
expectation values (VEVs):

h�i =

✓
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, h�i = "�⇤ , (2.2)

where we will take "� ⇠ "� ⇠ O(0.01). In Table 1 we summarize the field content and the
transformation properties under the flavor group. As the fermions are charged under U(2)F ,

10a 5a 103 53 H �a �

SU(2)F 2 2 1 1 1 2 1

U(1)F 1 1 0 1 0 �1 �1

Table 1: The field content and U(2)F quantum numbers.

Yukawa couplings require additional spurion insertions in order to be U(2)F -invariant. This
leads to non-renormalizable interactions suppressed by appropriate powers of ⇤. For example,
the resulting Lagrangian in the up-sector, at leading order in "�,�, is given by
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and similar in the down and charged lepton sector. After inserting the spurion VEVs the cuto↵
dependence drops out, and Yukawa hierarchies arise from powers of the small parameters
"�,�. In this way we get for the up-, down- and charged lepton Yukawa matrices (defined as

3

{ <latexit sha1_base64="vsvF5TaFGUf0MHcMOmlcKpoOB5M="></latexit> { <latexit sha1_base64="SuSvhb0+fXyTtUPi+Urul2TS2rk="></latexit>{ <latexit sha1_base64="82Y5opNvwAcdsBokYclUXxC51kI="></latexit>

Fermions Scalars

1st and 2nd 
generation 

third 
generation 

two “flavons”

SU(5)
<latexit sha1_base64="pxjjtnmLIlsoIBVhPDQzuTfN4lo="></latexit>

✏� ⇠ 0.01
<latexit sha1_base64="VOeTtCGQT+K8x84ugWvfcgSh0S0=">AAACE3icZZDLSgMxFIYz9VbrbdSN4CZYCq7KjAi6LLpxWcFeoDOUTCbThuYyJBmhDPUtfAO3+gLuxK0P4N4HMW0Hqe2BkI//P4eT/FHKqDae9+2U1tY3NrfK25Wd3b39A/fwqK1lpjBpYcmk6kZIE0YFaRlqGOmmiiAeMdKJRrdTv/NIlKZSPJhxSkKOBoImFCNjpb57EpBUU2YxwEMKYaAph17d8/tu1V6zgqvgF1AFRTX77k8QS5xxIgxmSOue76UmzJEyFDMyqQSZJinCIzQgPYsCcaLDfPaDCaxZJYaJVPYIA2fq4kSOuNZjHtlOjsxQL3tT8c+rLXiRZPHSbpNchzkVaWaIwPPVScagkXAaEIypItiwsQWEFbWvh3iIFMLGxlixsfjLIaxC+6Lue3X//rLauCkCKoNTcAbOgQ+uQAPcgSZoAQyewAt4BW/Os/PufDif89aSU8wcg3/lfP0Cnbqc8Q==</latexit><latexit sha1_base64="VOeTtCGQT+K8x84ugWvfcgSh0S0=">AAACE3icZZDLSgMxFIYz9VbrbdSN4CZYCq7KjAi6LLpxWcFeoDOUTCbThuYyJBmhDPUtfAO3+gLuxK0P4N4HMW0Hqe2BkI//P4eT/FHKqDae9+2U1tY3NrfK25Wd3b39A/fwqK1lpjBpYcmk6kZIE0YFaRlqGOmmiiAeMdKJRrdTv/NIlKZSPJhxSkKOBoImFCNjpb57EpBUU2YxwEMKYaAph17d8/tu1V6zgqvgF1AFRTX77k8QS5xxIgxmSOue76UmzJEyFDMyqQSZJinCIzQgPYsCcaLDfPaDCaxZJYaJVPYIA2fq4kSOuNZjHtlOjsxQL3tT8c+rLXiRZPHSbpNchzkVaWaIwPPVScagkXAaEIypItiwsQWEFbWvh3iIFMLGxlixsfjLIaxC+6Lue3X//rLauCkCKoNTcAbOgQ+uQAPcgSZoAQyewAt4BW/Os/PufDif89aSU8wcg3/lfP0Cnbqc8Q==</latexit><latexit sha1_base64="VOeTtCGQT+K8x84ugWvfcgSh0S0=">AAACE3icZZDLSgMxFIYz9VbrbdSN4CZYCq7KjAi6LLpxWcFeoDOUTCbThuYyJBmhDPUtfAO3+gLuxK0P4N4HMW0Hqe2BkI//P4eT/FHKqDae9+2U1tY3NrfK25Wd3b39A/fwqK1lpjBpYcmk6kZIE0YFaRlqGOmmiiAeMdKJRrdTv/NIlKZSPJhxSkKOBoImFCNjpb57EpBUU2YxwEMKYaAph17d8/tu1V6zgqvgF1AFRTX77k8QS5xxIgxmSOue76UmzJEyFDMyqQSZJinCIzQgPYsCcaLDfPaDCaxZJYaJVPYIA2fq4kSOuNZjHtlOjsxQL3tT8c+rLXiRZPHSbpNchzkVaWaIwPPVScagkXAaEIypItiwsQWEFbWvh3iIFMLGxlixsfjLIaxC+6Lue3X//rLauCkCKoNTcAbOgQ+uQAPcgSZoAQyewAt4BW/Os/PufDif89aSU8wcg3/lfP0Cnbqc8Q==</latexit><latexit sha1_base64="VOeTtCGQT+K8x84ugWvfcgSh0S0=">AAACE3icZZDLSgMxFIYz9VbrbdSN4CZYCq7KjAi6LLpxWcFeoDOUTCbThuYyJBmhDPUtfAO3+gLuxK0P4N4HMW0Hqe2BkI//P4eT/FHKqDae9+2U1tY3NrfK25Wd3b39A/fwqK1lpjBpYcmk6kZIE0YFaRlqGOmmiiAeMdKJRrdTv/NIlKZSPJhxSkKOBoImFCNjpb57EpBUU2YxwEMKYaAph17d8/tu1V6zgqvgF1AFRTX77k8QS5xxIgxmSOue76UmzJEyFDMyqQSZJinCIzQgPYsCcaLDfPaDCaxZJYaJVPYIA2fq4kSOuNZjHtlOjsxQL3tT8c+rLXiRZPHSbpNchzkVaWaIwPPVScagkXAaEIypItiwsQWEFbWvh3iIFMLGxlixsfjLIaxC+6Lue3X//rLauCkCKoNTcAbOgQ+uQAPcgSZoAQyewAt4BW/Os/PufDif89aSU8wcg3/lfP0Cnbqc8Q==</latexit>

✏� ⇠ 0.03
<latexit sha1_base64="S0DYoWpdf7V8c9QbjBZi+ZE3Bxw=">AAACFHicZZDLSgMxFIYzXmu9jboSN8FScFVmVNBl0Y3LCvYCnaFkMpk2NJmEJCOUofgWvoFbfQF34ta9ex/EtB2ktgdCPv7/HE7yR5JRbTzv21lZXVvf2Cxtlbd3dvf23YPDlhaZwqSJBROqEyFNGE1J01DDSEcqgnjESDsa3k789iNRmor0wYwkCTnqpzShGBkr9dzjgEhNmcVADiiEgaYcejXvAvbcir2nBZfBL6ACimr03J8gFjjjJDWYIa27vidNmCNlKGZkXA4yTSTCQ9QnXYsp4kSH+fQLY1i1SgwToexJDZyq8xM54lqPeGQ7OTIDvehNxD+vOudFgsULu01yHeY0lZkhKZ6tTjIGjYCThGBMFcGGjSwgrKh9PcQDpBA2NseyjcVfDGEZWuc136v595eV+k0RUAmcgFNwBnxwBergDjRAE2DwBF7AK3hznp1358P5nLWuOMXMEfhXztcvFledKg==</latexit><latexit sha1_base64="S0DYoWpdf7V8c9QbjBZi+ZE3Bxw=">AAACFHicZZDLSgMxFIYzXmu9jboSN8FScFVmVNBl0Y3LCvYCnaFkMpk2NJmEJCOUofgWvoFbfQF34ta9ex/EtB2ktgdCPv7/HE7yR5JRbTzv21lZXVvf2Cxtlbd3dvf23YPDlhaZwqSJBROqEyFNGE1J01DDSEcqgnjESDsa3k789iNRmor0wYwkCTnqpzShGBkr9dzjgEhNmcVADiiEgaYcejXvAvbcir2nBZfBL6ACimr03J8gFjjjJDWYIa27vidNmCNlKGZkXA4yTSTCQ9QnXYsp4kSH+fQLY1i1SgwToexJDZyq8xM54lqPeGQ7OTIDvehNxD+vOudFgsULu01yHeY0lZkhKZ6tTjIGjYCThGBMFcGGjSwgrKh9PcQDpBA2NseyjcVfDGEZWuc136v595eV+k0RUAmcgFNwBnxwBergDjRAE2DwBF7AK3hznp1358P5nLWuOMXMEfhXztcvFledKg==</latexit><latexit sha1_base64="S0DYoWpdf7V8c9QbjBZi+ZE3Bxw=">AAACFHicZZDLSgMxFIYzXmu9jboSN8FScFVmVNBl0Y3LCvYCnaFkMpk2NJmEJCOUofgWvoFbfQF34ta9ex/EtB2ktgdCPv7/HE7yR5JRbTzv21lZXVvf2Cxtlbd3dvf23YPDlhaZwqSJBROqEyFNGE1J01DDSEcqgnjESDsa3k789iNRmor0wYwkCTnqpzShGBkr9dzjgEhNmcVADiiEgaYcejXvAvbcir2nBZfBL6ACimr03J8gFjjjJDWYIa27vidNmCNlKGZkXA4yTSTCQ9QnXYsp4kSH+fQLY1i1SgwToexJDZyq8xM54lqPeGQ7OTIDvehNxD+vOudFgsULu01yHeY0lZkhKZ6tTjIGjYCThGBMFcGGjSwgrKh9PcQDpBA2NseyjcVfDGEZWuc136v595eV+k0RUAmcgFNwBnxwBergDjRAE2DwBF7AK3hznp1358P5nLWuOMXMEfhXztcvFledKg==</latexit><latexit sha1_base64="S0DYoWpdf7V8c9QbjBZi+ZE3Bxw=">AAACFHicZZDLSgMxFIYzXmu9jboSN8FScFVmVNBl0Y3LCvYCnaFkMpk2NJmEJCOUofgWvoFbfQF34ta9ex/EtB2ktgdCPv7/HE7yR5JRbTzv21lZXVvf2Cxtlbd3dvf23YPDlhaZwqSJBROqEyFNGE1J01DDSEcqgnjESDsa3k789iNRmor0wYwkCTnqpzShGBkr9dzjgEhNmcVADiiEgaYcejXvAvbcir2nBZfBL6ACimr03J8gFjjjJDWYIa27vidNmCNlKGZkXA4yTSTCQ9QnXYsp4kSH+fQLY1i1SgwToexJDZyq8xM54lqPeGQ7OTIDvehNxD+vOudFgsULu01yHeY0lZkhKZ6tTjIGjYCThGBMFcGGjSwgrKh9PcQDpBA2NseyjcVfDGEZWuc136v595eV+k0RUAmcgFNwBnxwBergDjRAE2DwBF7AK3hznp1358P5nLWuOMXMEfhXztcvFledKg==</latexit>

✴ Texture zeros precisely relate masses and mixing angles

and therefore a good fit to masses and mixings can be expected with input parameters �f
ij that

are indeed O(1). Moreover, it is clear that there must be four relations in each fermion sector

between the 3 singular values and the 3+3 rotation angles. For real hfij it is straightforward
to work out these predictions exactly [7] and expand the result in ratios of the hierarchical
eigenvalues. One can then relate the 1-2 and 1-3 rotations in the left- and right-handed sectors
to the 2-3 rotations and the eigenvalues. With the convention
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where Vij are orthogonal rotation matrices in the i-j plane that are parametrized by the
angles sij ⌘ sin ✓ij , one obtains up to percent corrections
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where 2-3 rotations angles are large in the RH down and LH charged lepton sector, and
CKM-like in all other sectors

sRd
23 ⇠ sLe23 ⇠ 1 , sLu23 ⇠ sRu

23 ⇠ sLd23 ⇠ sRe
23 ⇠ Vcb . (2.11)

One therefore obtains for the CKM elements (in our conventions VCKM = V uT
L V d⇤

L ) the
predictions

|Vub| ⇡

����

r
mu

mc
|Vcb|� ei�1

r
md

ms

q
cRd
23

sRd
23

cRd
23

ms

mb

���� , |Vtd| ⇡

r
md

ms

q
cRd
23

����|Vcb|� ei�2
sRd
23

cRd
23

ms

mb

���� ,

|Vus| ⇡ |sLd12 � sLu12 | ⇡

����

r
md

ms

q
cRd
23 � ei(�2��1)

r
mu

mc

���� , |Vcb| ⇡ |Vts| ⇡ |sLd23 � sLu23 | , (2.12)

where we included also relative phases �1,2, see Ref. [6] for details. In the original U(2) models
in Ref. [2, 3], the rotation angle in 2-3 RH down sector sRd

23 was taken to be of the order of
the other 2-3 rotation angles, sRd

23 ⇠ Vcb. From the above equations, this directly leads to
the accurate prediction |Vub/Vcb| ⇡

p
mu/mc which deviates from experimental data by more

than 3�. This is the reason why here this angle is taken to be large, sRd
23 ⇠ cRd

23 ⇠ 1/
p
2, which

then allows to obtain an excellent fit to CKM angles as we demonstrate in the next section
(see also Refs. [4, 6, 7]).

2.2 Fit to Quark and Charged Lepton Sector

We now perform a numerical fit to the model parameter set {�u,d,e
ij , "�, "�}. For simplicity

we restrict to real �u,d,e
ij and demonstrate later on that the CKM phase can be obtained by

taking a complex parameter �u
33. The experimental input parameters are therefore the quark

and charged lepton masses and the CKM mixing angles. For concreteness we take them in
the MS scheme at 10 TeV from Ref. [13], with a symmetrized 1� error taken to be the larger
one. All input parameters are summarized in Table 2.
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which is off by more than 3𝜎 e.g. Barbieri, RZ ‘19



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

recast

✴ 2-body decays probe LARGE NP scales [and typically more constraining than meson mixing]

[but can profit from polarization]
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Constraints from Meson Decays

e.g. no bound on 

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)

exp

exp
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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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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:
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Constraints from Cosmology

Belle-II competes 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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“The Dark Universe: A Synergic Multi-messenger Ap-
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✴ Flavor-violating SM decays produce hot axions in early universe
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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
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Explicit LFV Scenarios

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

Lepton Flavor Violation targets from axion freeze-in
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3Institut für Astroteilchenphysik, Karlsruhe Institute of Technology, Karlsruhe, Germany
4Institut für Theoretische Teilchenphysik, Karlsruhe Institute of Technology, Karlsruhe, Germany
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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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✴ Several contributions to axion relic abundance
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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  


