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Abstract

The dark sector offers a compelling theoretical framework for addressing

the nature of dark matter while potentially solving other fundamental

problems in physics. This review focuses on light dark flavored sector

models, which are those where the flavor structure of the interactions

with the standard model is non-trivial and distinguish among differ-

ent fermion families. Such scenarios feature flavor violation leading to

unique experimental signatures, such as flavor-changing neutral cur-

rent decays of heavy hadrons (kaons, D and B mesons, baryons) and

leptons (muons and taus) with missing energy carried away by light

dark-sector particles. In this article, we review their motivation, sum-

marize current constraints, highlight discovery opportunities in ongoing

and future flavor experiments, and discuss implications for astrophysics

and cosmology.
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1. INTRODUCTION

Despite the remarkable success of the standard model of particle physics (SM) and the

standard cosmological model (ΛCDM), several fundamental questions remain unanswered.

What is the nature of dark matter and dark energy? What caused the matter-antimatter

asymmetry observed in the universe? Why is charge-parity conserved in the strong inter-

actions? What is the source of flavor and why does matter exhibit three distinct families?

These and other questions continue to drive extensive theoretical and experimental efforts

aimed at uncovering new laws of nature and potentially revealing entirely new sectors of

constituents that can address these foundational problems.

One general theoretical framework that primarily addresses the nature of dark matter

(DM), while potentially solving other fundamental questions, is the “dark sector”. This

can describe a minimal scenario involving a new particle, such as the QCD axion, weakly

coupled with the SM and playing the role of DM. More broadly, it often refers to an extended

sector comprising several new particles and interactions. Over the past decade, there has

been a surge of theoretical activity in characterizing these dark sectors, especially exploring

their connections to other fundamental puzzles, and driving novel ideas for their detection

and potential discovery through experiments and observations (1, 2, 3, 4).

In this review, we focus on a specific aspect of the dark sector: the flavor structure of

their interactions with the SM. In particular, we examine cases where this flavor structure

is non-trivial (i.e., not proportional to the identity matrix) in generation space, but where

the interactions and couplings with the dark sector distinguish among the fermion families

of the SM. Such scenarios naturally arise in dark sectors intertwined with solutions to the

SM flavor puzzle or baryogenesis. The prototypical example is the QCD axion with non-

diagonal flavor couplings (5), which simultaneously addresses the DM, strong CP, and flavor

problems. Other examples include the dark photon (6, 7) and dark baryons (8).

One of the most significant implications of these dark-flavored sectors is their potential

to induce flavor-violating transitions among SM fermions. Furthermore, if the dark sector
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particle mediating these transitions is sufficiently light, then it can be produced in heavy-

flavor decays and detected through missing energy signatures (9). This phenomenology

opens up a wide range of unexplored avenues for discovery in flavor experiments, focused

on the decays of heavy flavored hadrons, such as kaons, D- or B-mesons and baryons, or

heavy leptons like muons and taus. These opportunities are especially timely, as flavor

physics is currently undergoing a golden age in experimental precision and reach. This

includes multipurpose experiments in flavor factories such as LHCb (10), Belle II (11), and

BESIII (12), or specialized experiments such as NA62 (13), KOTO (14), or MEG II (15)

that target specific rare decays with exceptional sensitivity.

In this work, we review the phenomenology of light dark-flavored sectors, where “light”

refers to particles that are effectively massless or have negligible masses relative to the

energy scales of interest - see Sec. 2. Specifically, we focus on the experimental signatures

associated with kinematic configurations of decays involving missing energy and provide an

overview of the current constraints on these models derived from flavor-physics experiments

- see Sec. 3. Furthermore, we explore the sensitivity and discovery potential of current and

future searches specifically designed to target these experimental signatures, highlighting

their importance - see Sec. 4. Finally, consequences of dark flavored sectors in astrophysics

and cosmology, with the corresponding limits derived on their interactions, are reviewed in

Secs. 5 and 6, respectively.

2. SETUP AND MOTIVATION

We explore extensions of the SM by introducing neutral bosonic particles with masses

significantly below the GeV scale. Specifically, we consider adding either a new scalar

particle a with mass ma or a new light vector boson V ′
µ with mass mV ′ . We start from a

basis in which these new states are orthogonal to the SM states; i.e., where a possible kinetic

mixing between the photon and the light vector boson has already been diagonalized.

Below the electroweak (EW) scale, the interactions of the new states with the SM

fermions can be systematically described by an Effective Field Theory (EFT) approach, by

introducing the most general set of operators that respect the unbroken part of the SM

gauge group, SU(3)c × U(1)em. Here, we exclusively focus on flavor-violating interactions,

written without loss of generality in the fermion-mass basis. The leading-order interactions,

in EFT power counting, of the new bosons are described by the following operators:

Lscalar = − i

Λ
a f i

[
(mi −mj)CS

ij + (mi + mj)CS5
ij γ5

]
fj , 1.

Lvector =
mV ′

Λ
V ′
µ f iγ

µ
(
CV

ij + CV5
ij γ5

)
fj , 2.

where i ̸= j denote SM quark or lepton flavors, and all couplings are hermitian matrices in

flavor space, e.g., (CS
ij)

∗ = CS
ji.

The couplings are normalized with respect to a UV scale Λ. For the scalar case we

choose a convenient prefactor as discussed below. Note in fact that above the EW scale the

couplings in Eq. 1 are not SU(2)L invariant, and must involve a single power of the EW

breaking scale. Furthermore, flavor-violating currents coupled to a vector boson, Eq. 2, are

not conserved and must be proportional to at least one power of the U(1)′-breaking scale,

which is the vector mass mV ′ upon including the dark gauge coupling, see Ref. (16) for

more details. This normalization also ensures finite amplitudes in the mV ′ → 0 limit, which

correspond to the amplitudes with the associated Goldstone bosons as initial or final states.

www.annualreviews.org • Flavor phenomenology of light dark sectors 3



Indeed, in this limit, the longitudinal polarization dominates according to the Goldstone

Boson Equivalence theorem. With the replacement V ′
µ → ∂µa/m

′
V and integrating by parts,

one recovers the scalar interactions in Eq. 1, identifying CS
ij = CV

ij and CS5
ij = CV5

ij . This

also justifies the chosen fermion mass normalization factors for scalar couplings in Eq. 1.

Genuinely new interactions of a very light vector boson can be described by flavor-

violating dipole interactions, as given by (see e.g. Ref. (17))

Ldipole =
1

Λ
V ′
µν f iσ

µν
(
CD

ij + iCD5
ij γ5

)
fj , 3.

where V ′
µν = ∂µV

′
ν − ∂νV

′
µ, σµν = i/2 [γµ, γν ], and the dipole couplings CD

ij and CD5
ij are

hermitian matrices in flavor space. Note that this operator is naturally of dimension six

if the mass scale of the associated UV physics is significantly larger than the electroweak

scale, as required by SU(2)L invariance (7). In this case, the UV scale Λ should be replaced

by Λ2/v, where v = 174 GeV is the Higgs field vacuum expectation value.

We assume that the other possible interactions with the SM particles, particularly the

flavor-diagonal couplings to fermions, are sufficiently small to ensure that the new bosons

remain stable on collider scales. Under this assumption, limits on the flavor-violating cou-

plings of dark bosons described by the interactions

Lint = Lscalar + Lvector + Ldipole , 4.

with Eqs. 1, 2 and 3 can be derived from hadronic and leptonic decays with missing energy in

the final state. These constraints also apply when the dark boson is unstable, but promptly

decays into stable invisible particles, for example dark fermions or neutrinos.

The scenarios described by the above Lagrangians can be well motivated in SM exten-

sions that are capable of (possibly simultaneously) explaining some of the problems and

shortcomings of the SM, such as the existence of DM, see e.g Ref. (4), the absence of CP

violation in strong interactions, see e.g. Ref. (18), and the flavor puzzle, see e.g. Ref. (19).

In the following, we briefly discuss some of these frameworks.

2.1. QCD Axion and light ALP DM

Arguably, the most prominent motivation for the above setup is the QCD axion (20, 21),

which emerges as a low-energy remnant of the Peccei-Quinn (PQ) solution to the strong

CP problem (22, 23), i.e. the observed absence of CP violation in strong interactions. As a

pseudo-Goldstone boson, the QCD axion mass is protected by the non-linearly realized PQ

symmetry, which by definition is primarily broken by QCD instantons. Consequently, the

QCD axion acquires a mass given by (24)

ma = 5.7 meV

(
109 GeV

fa

)
, 5.

where fa is the axion decay constant, which must lie well above the electroweak scale for

phenomenological reasons, leading to a typical axion mass well below the eV scale (18). Ad-

ditionally, the QCD axion is an excellent cold DM candidate over large regions of parameter

space, when produced in the early universe via the misalignment mechanism (25, 26, 27).

The most general couplings of the axion to the SM fermions can be written as

La =
∂µa

2fa
f iγ

µ
(
CV

ij + CA
ijγ5

)
fj , 6.
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where CV,A
ij are hermitian matrices in flavor space. This Lagrangian can be mapped to the

couplings in Eq. 1 by fermion field redefinitions, which apart from anomalous couplings to

the SM gauge bosons, give rise to the identifications

CS
ij

Λ
=

CV
ij

2fa
,

CS5
ij

Λ
=

CA
ij

2fa
. 7.

The flavor-violationg couplings CV,A
i ̸=j are determined by rotating the flavor-diagonal PQ

charge matrices into the fermion mass basis (see Ref. (28) for details). In common QCD

axion benchmark models, flavor alignment is realized either because the PQ charges of the

SM fermions vanish (“KSVZ models” (29, 30)) or PQ charges are taken to be flavor-universal

(standard “DFSZ models” (31, 32)). However, the PQ charges in the DFSZ models do not

have to be flavor-universal, and may constitute a new source of flavor violation beyond

the SM Yukawas (33, 34, 35). In such scenarios, the size of flavor-violating axion couplings

depends on the magnitude of the flavor misalignments parametrized by the unitary matrices

that diagonalize the SM Yukawas. Thus, in the absence of a theory of flavor, these rotations

are just described by a variety of new free parameters, which can be chosen suitably to

realize an arbitrary pattern of flavor structures CV,A
ij . Particular flavor patterns have been

employed to e.g. suppress the axion couplings to nucleons (36, 37) and address stellar

cooling anomalies (38), possibly correlated with low-energy signals from the extra DFSZ

Higgs doublet (39).

Particularly motivated and predictive scenarios emerge when the PQ symmetry is iden-

tified with a flavor symmetry that addresses the SM flavor puzzle (40, 5, 41, 42, 43). For

instance, in the simplest realization, the PQ symmetry is identified with a U(1)F Froggatt-

Nielsen symmetry (44), which necessarily possesses a QCD anomaly (45, 46). This setup

allows one to predict flavor-violating axion couplings up to model-dependent O(1) coeffi-

cients (42, 43). In particular, it determines the most phenomenologically relevant coupling,

CV
sd (cf. Section 3), to be on the order of the Cabibbo angle, CV

sd ∼ Vus ∼ 0.2. Stronger

suppression of light quark transitions occurs in models with non-abelian flavor symmetries;

for example, in U(2) models, CV
sd ∼ VtdVts ∼ 10−4 (47). For the lepton sector several mod-

els have been presented in Ref. (48), which can naturally yield large lepton flavor violation

(LFV), for example with couplings CV
µe ∼ Vus ∼ 0.2 or CV

µe ∼
√

me/mµ ∼ 0.1.

Note that even in scenarios with flavor alignment, renormalization group running in-

duces flavor violation proportional to the CKM angles (49, 28, 50, 51). This leads to strongly

suppressed off-diagonal couplings, e.g. CV
sd ∼ y2

t /(16π2)VtdVtsC
V
tt log ΛUV/ΛIR ∼ 10−5,

which are phenomenologically irrelevant for axions masses ma ≪ keV, since astrophysical

constraints on the flavor-diagonal couplings yield significantly stronger constraints - see

Sec. 5.

If there are substantial sources of explicit PQ breaking beyond QCD instantons, typ-

ically the axion acquires a large mass and does not solve the strong CP problem1, and is

called an axion-like partice (ALP). Nevertheless the ALP can still be a good DM candidate,

provided its lifetime is sufficiently long, which can be produced in the early universe by e.g.

misalignment, thermal freeze-in (52) or parametric resonance (53). In general, such ALPs

can also have the same flavor-violating couplings in Eq. 6 as the QCD axion, and thus are

constrained in just the same way, provided their mass is below the experimental resolution.

1Unless one employs further model-building, with e.g. new gauge sectors confining at large
energies with aligned vacuum angles, see Ref. (18) for an overview of such models.

www.annualreviews.org • Flavor phenomenology of light dark sectors 5



A flavor-violating ALP also has the same theoretical motivation as the QCD axion, possi-

bly being a pseudo-Goldstone boson associated with global flavor-symmetries that address

the Yukawa hierarchies, such as the “Familon” (5), “Flaxion” (42), “Axiflavon” (43) or

“Froggatt-Nielsen ALP” (54). Such a light ALP could arise from the spontaneous breaking

of other global symmetries like baryon number (55) or, more prominently, lepton number,

in which case it is called the “Majoron” (56, 57). In this scenario large LFV couplings can

be connected to the origin of neutrino masses in low-energy seesaw models - see Ref. (48)

for an example. A light scalar with flavor-violating couplings could also be motivated as one

of the moduli predicted by superstring compactifications (58), possibly related to modular

flavor symmetries (59), which have been employed for the flavor puzzle (60) or to solve the

strong CP problem with spontaneous CP violation (61).

2.2. Light Vector DM

A light vector particle is also a viable DM candidate (62, 63) which can be produced in the

early universe by e.g. misalignment, thermal freeze-in or parametric resonance, as in the

case of the ALP. These particles are often referred to in the literature as “Dark Photon”,

“Hidden Photon” or “Dark Z′”. A dark photon usually refers to a vector that inherits all

couplings to SM fermions from mixing with the photon and thus couples mainly to diagonal

flavors. Instead general light vectors couple to fermions when these carry non-trivial charges

under the dark gauge group, which generically induces flavor-violating couplings of the form

in Eq. 2 when these charges are not universal (see Ref. (16) for more details). This scenario is

particularly motivated when the dark gauge group is identified with an anomaly-free flavor

symmetry group shaping the structure of Yukawa matrices (see, e.g. Refs. (64, 65, 66))

or flavor non-universal charges such as U(1)Li−Lj (67, 68). While the breaking scale of

the gauge group has to be typically much larger than the electroweak scale (for a counter-

example see Ref. (69)), the associated massive gauge boson can be light enough for our

purposes if the gauge coupling is sufficiently small. Instead dipole couplings of the form in

Eq. 3 can arise in models where the dark photon is extremely light, so that kinetic mixing

is suppressed and the dominant couplings to SM fermions is through higher-dimensional

operators, see e.g. Ref. (70).

2.3. Axion and Vector Portals

The flavor phenomenology of the couplings in Eq. 4 cannot distinguish between bosons

that are dark and bosons that promptly decay into dark particles. These could be part

of a larger theoretical structure (the dark sector), to which the bosons in Eq. 4 would

merely act as mediators, or “portals” (71, 72, 73). An appealing theoretical feature here

is that these lighter dark particles can easily be cosmologically stable as a result of some

conserved quantum number in the dark sector, such as dark fermion number. A new

phenomenological aspect is that the (typically long-lived) bosonic mediator could also decay

into SM particles. The light mediator can then be created on-shell from decays of e.g.

B- or D-mesons (copiously produced at hadron colliders), and may travel macroscopic

distances before decaying visibly within e.g. the SHiP detector (74, 75) located at the SPS

or dedicated forward detectors at the LHC such as FASER (76, 77). This gives rise to a

rich phenomenology that correlates signals at flavor factories like NA62 and Belle II with

essentially background-free searches at next-generation beam-dump experiments (78, 79).
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3. CURRENT LIMITS

The couplings in Eq. 4 give rise to two-body decays of SM particles, such as K → πX

or µ → eX, where X denotes a dark scalar or dark vector boson, which would manifest

as missing energy in a laboratory experiment. Thus, the experimental signature resembles

SM decays involving a neutrino pair, but with a monochromatic visible particle. Its energy

is essentially determined by the mass of the invisible particle, which we assume to be

approximately massless (i.e. with a mass below the experimental resolution).

The flavor-violating decay rate of a particle with mass m into light bosons scales as

m3/Λ2
UV because it arises from dimension-five operators. On the other hand, a flavor-

changing SM decay rate scales as ∝ m5G2
F , with possible contributions from new heavy

particles scaling as ∝ m5/Λ4
UV, because both arise from dimension-six operators. Fur-

thermore, SM amplitudes can be reduced by additional small factors due to chirality, loop

effects, phase space, and/or CKM matrix elements, leading to a significant suppression

relative to the two-body decay rate. Consequently, two-body missing energy searches can

have an enormous sensitivity to the flavor-violating couplings in Eq. 4.

For example, the ratio of muon decay rates is given by

Γ(µ → eX)

Γ(µ → eνν)
≈

m3
µ(|CX

µe|2 + |CX5
µe |2)/(16πΛ2)

m5
µG

2
F /(192π3)

=

(
9 × 106 GeV

ΛX
µe

)2

, 8.

where we neglected the electron mass, defined ΛX
µe = Λ/

√
|CX

µe|2 + |CX5
µe |2 and X denotes

either a massless dark scalar (for which CX,X5
µe = CS,S5

µe ) or a massless dark vector (for which

CX,X5
µe = CV,V5

µe ). This means that the muon lifetime alone already sets a bound on the UV

scale of order 107 GeV.

Dedicated searches for two-body decays with missing energy give limits that are even

more stringent, and are displayed in Figs. 1 and 2, where we collect the best current lim-

its2 on the couplings to massless dark bosons from laboratory experiments for each fla-

vor transition, see also Tables 1 and 2. We report and update previous limits obtained

in Ref. (80, 81, 28, 48, 82, 51) for dark scalars, Refs. (16, 83, 84) for dark vectors and

Refs. (85, 17, 86, 70, 87, 88) for massless dark vectors with dipole couplings.

In the following, we discuss the experimental origin of these bounds in more detail,

considering separately the couplings to quarks and to leptons. This separation is useful

because in the quark sector the strongest limits typically come from pseudoscalar meson

decays, which are sensitive to the chiral structure in Eq. 4, while in the lepton sector total

decay rates do not depend on chirality. However, at least in the case of muons, one can rely

on polarization, which gives control on the different couplings via the angular distribution

of the final state lepton. In contrast to the quark sector the SM background is huge, and

thus it is convenient to constrain the couplings depending on whether the chiral structure is

aligned to the SM (i.e. left-handed couplings with CX
ij = −CX5

ij ) or not, and we restrict for

simplicity to isotropic decays, corresponding to couplings with either CX
ij = 0 or CX5

ij = 0.

3.1. Quark Sector

In the quark sector the strongest constraints typically arise from laboratory searches for

two-body decays of pseudoscalar mesons and baryons with an invisible scalar or vector

2For hadron decays we neglect the systematic errors on the associated form factors for simplicity
which are, nonetheless, small for the decays of interest and have no major impact in the bounds.

www.annualreviews.org • Flavor phenomenology of light dark sectors 7



sd
X sd

X5 cu
X cu

X5 bd
X bd

X5 bs
X bs

X5 μe
Xiso μe

XL τe
Xtot τμ

Xtot
105

106

107

108

109

1010

1011

1012

1013

1014

Λ
ef
f
[G
eV

]

<latexit sha1_base64="YEgPzwLwivOGCUM1kGzNRIHK7Vo="></latexit> K
+
!

⇡
+
X

<latexit sha1_base64="40tTf9BpqLaEL7nxeLkIxKS/boE="></latexit>

⌃
+
!

p+
X

<latexit sha1_base64="e7z8xKe++aAG0F67fZkNLQf2NgQ="></latexit>

⇤
+ c
!

p+
X

<latexit sha1_base64="e7z8xKe++aAG0F67fZkNLQf2NgQ="></latexit>

⇤
+ c
!

p+
X

<latexit sha1_base64="YanrU3Hwg+sN9HXT/XGq/bBzIuU="></latexit>

B
+
!

⇡
+
X

<latexit sha1_base64="mxfJJZhZ50pQTht61Rl3z4GvGMk="></latexit>

B
+
!

⇢+
X

<latexit sha1_base64="kiAor1vHZRyoAccOBR6aNmeiiy4="></latexit> B
+
!

K
+
X

<latexit sha1_base64="cjMmJJvsVt/EHqTimN2FtNUkcWU="></latexit>

B
+
!

K
⇤+

X

<latexit sha1_base64="VxANy6PVT/y7ajFBIk/U7r0fas8="></latexit>

µ
+
!

e+
X

<latexit sha1_base64="VxANy6PVT/y7ajFBIk/U7r0fas8="></latexit>

µ
+
!

e+
X

<latexit sha1_base64="X1ov/DER3pZcDheTsz8hqg6ejW4="></latexit>

⌧
!

µ
X

<latexit sha1_base64="iy0vfhv6Jdfux1SGU/dvheEeHCc="></latexit>

⌧
!

eX

Figure 1

Present limits on scalar and vector couplings for a massless dark boson. For a given quark flavor
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Table 1 Present and expected laboratory limits on effective couplings of massless

dark scalars and vectors in units of GeV, with the same notation as in Fig. 1. See text

for details.

CX
sd CX5

sd CX
cu CX5

cu

Λeff 8.1 × 1011 (89) 2.8 × 107 (90) 1.5 × 107 (91) 1.4 × 107 (91)

Λproj
eff 1.8 × 1012 [NA62] 1.1 × 108 [STCF] 1.4 × 108 [STCF] 1.2 × 108 [STCF]

CX
bd CX5

bd CX
bs CX5

bs

Λeff 1.2 × 108 (92, 28) 4.7 × 107 (93, 94) 3.4 × 108 (95, 96, 97) 1.4 × 108 (96, 97)

Λproj
eff 4.0 × 108 [Belle II] 5.4 × 108 [Belle II] 1.0 × 109 [Belle II] 4.6 × 108 [Belle II]

CXiso
µe CXL

µe CXtot
τe CXtot

τµ

Λeff 5.5 × 109 (98) 1.2 × 109 (99) 8.0 × 106 (100) 1.0 × 107 (100)

Λproj
eff 3.3 × 1010 [Mu3e] 3.3 × 1010 [Mu3e] 4.0 × 107 [Belle II] 3.5 × 107 [Belle II]

Table 2 Present and expected laboratory limits on effective dipole couplings of mass-

less dark vectors in units of GeV, with the same notation as in Fig. 2. See text for

details.

CD
sd CD

cu CD
bd CD

bs

Λeff 4.7 × 107 (90) 3.3 × 107I (91) 9.0 × 107 (93, 94) 3.3 × 108 (96, 97)

Λproj
eff 1.9 × 108 [STCF] 3.2 × 108 [STCF] 1.0 × 109 [Belle II] 1.1 × 109 [Belle II]

CDiso
µe CDL

µe CDtot
τe CDtot

τµ

Λeff 1.6 × 1010 (98) 3.3 × 109 (99) 2.3 × 107 (100) 2.9 × 107 (100)

Λproj
eff 9.5 × 1010 [Mu3e] 9.5 × 1010 [Mu3e] 1.1 × 108 [Belle II] 9.9 × 107 [Belle II]

particle in the final state. These decay rates scale with the couplings according to

ΓP→P ′X ∝ |CX
ij |2 , ΓP→V X ∝ |CX5

ij |2 , ΓB→B′X ∝ f2
1 |CX

ij |2 + g21 |CX5
ij |2 , 9.

where P and P ′ denote pseudo-scalar mesons, V is a vector meson, B,B′ are baryons, f1
and g1 are baryonic form factors, and we use the same notation for the couplings as above.

For the complete expressions and a collection of the relevant form factors see Refs. (16, 28).

In order to infer the limits in Fig. 1 and 2, these rates are computed for a single

coupling switched on at a time and compared to the experimental limits on the various

decays summarized in Table 3. Often, the experimental collaborations do not provide

limits on two-body decays with missing energy; nevertheless, in some cases there is enough

information to extract this bound from available data. We indicate the limits obtained in

this way by a checkmark in the last column, where we used the results from the indicated

references - see Refs. (16, 28) for more details. It would be of course preferable if these

limits were replaced by proper experimental analyses.

For K → πX and Σ → pX we use the experimental limits for invisible massless X

reported by NA62 (89) and BESIII (90), respectively. Note that for the former decay a
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Table 3 Laboratory limits on the branching ratios of two-body meson, baryon and

lepton decays with X denoting a massless invisible particle (i.e. any mass below the

mass resolution of the experiments). For polarized muon decays the limit depends

on the angular distribution of the electron, denoted as iso for isotropic decays, R for

∝ 1 + cos θ and L for ∝ 1 − cos θ (as in the SM).

Decay 90% CL Limit Reference Recast

BR(K → πX) 5.0 × 10−11 NA62 (89) ×

BR(Σ → pX) 3.2 × 10−5 BESIII (90)a ×

BR(D → πX) 8.0 × 10−6 CLEO (101) ✓ (28)

BR(Λc → pX) 8.0 × 10−5 BESIII (91) ×

BR(B → KX) 7.0 × 10−6 Belle II (95) & BaBar (96) ✓ (97)

BR(B → K∗X) 4.2 × 10−5 BaBar (96) ✓ (97)

BR(B → πX) 2.3 × 10−5 BaBar (92) ✓ (28)

BR(B → ρX) 3.9 × 10−4 LEP (93) ✓ (94)

BR(µ → eX)iso 2.6 × 10−6 TRIUMF (98) ×

BR(µ → eX)R 2.5 × 10−6 TRIUMF (98) ✓ (48)

BR(µ → eX)L 5.8 × 10−5 TWIST (99) ×

BR(τ → µX) 4.7 × 10−4 Belle II (100) ×

BR(τ → eX) 7.6 × 10−4 Belle II (100) ×

a SN 1987A cooling constrains hyperon decays, BR(Λ → nX) ≲ 8 × 10−9 (88) - see Section 5;

slightly stronger limit BR(K+ → π+X) < 2.8 × 10−11 (at 90% C.L.) was recently derived

in Ref. (102) by recasting the publicly available NA62 dataset collected between 2016 and

2022. This leads to a constraint on the effective coupling that is tighter than the one shown

in Tab. 1, CX
sd > 1.1 × 1012 GeV.

The recast of the D → πνν̄ decays require a more detailed discussion. In Ref. (28) a

bound on the two-body decay was derived from a null search performed by CLEO of the

decay D+ → τ+(→ π+ν̄)ν (101) by recasting the bin in the pion spectrum corresponding

to mX ≈ 0. Since then, two analyses by the BESIII collaboration (103, 104) have reported

observations of the D+ → τ+(→ π+ν̄)ν decay mode. From the pion spectrum of the signal

reported in these analyses, it is clear that a search for the two-body D+ → π+X decay

at BESIII (superseding the current CLEO recast) requires a careful treatment of the SM

background from tau decays.

The BESIII collaboration has also reported a search of the three-body decay D0 → π0νν̄

using 2.93 fb−1 of data (roughly 1/7 of the total luminosity planned to be collected at

BESIII (12)) and obtained the upper limit 2 × 10−4 at 90% CL for the branching fraction.

If one takes this as representative of the sensitivity achievable for BR(D0 → π0X), the

resulting limit would be considerably weaker than the recast of the CLEO data for the

charged mode. This highlights the importance of dedicated analyses of D → πX decays in

both charged modes for a robust search for dark bosons in charmed meson decays.
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Finally, in the same context of probing cu couplings, the BESIII collaboration has

performed a search of the baryonic two-body Λ+
c → pX decays with their complete data

set (91). This search becomes even more relevant in light of the limitations discussed

above regarding current analyses of D-meson decays, and sets the best present limit on cu

couplings.

In case of the bs and bd couplings, there are no analyses to date of the invisible two-body

decays of B(s) mesons or bottom baryons. Therefore, all the existing limits are obtained

from recasts of searches of the three-body decays into neutrinos (28, 97, 94). The upper

limits on B → KX, B → K∗X and B → πX use BaBar data (96, 92), while the upper

limit on B → ρX uses data from the ALEPH experiment at LEP (93). Only in case of

B+ → K+X the recast uses also Belle II data (95).

Three-body decays typically give weaker constraints than two body decays. For exam-

ple, LHCb constraints on B(s) → µµX cannot compete with Belle II limits from B → K(∗)X

or B → πX and B → ρX decays (105), while multi-hadron final states such as B → KπX

are subject to larger theoretical uncertainties apart from experimental challenges. One ex-

ception is the kaon sector where the corresponding P → V X decay mode is kinematically

inaccessible (mρ > mK) and an important bound stems from K → ππX decays. Experi-

mentally, both K+ → π0π+X (106, 107) and KL → π0π0X (108) have been searched for.

Theoretically, the decay rate into scalars can be predicted robustly using isospin symme-

try and the form factors determined from the measurements of K → ππeν charge-current

decays (28) (see also Refs. (109, 110, 111, 112, 113)). In fact, the strongest laboratory

constraint on CS5
sd stems from the OKA upper limit on K+ → π0π+X (107) - see Tab. 3. 3

In principle, a similar analysis can be performed for decays involving a dark vector with

dipole couplings. However, this scenario requires the computation of form factors in QCD,

whereas current results rely only on approximate estimates derived from quark models (17).

Finally, neutral meson mixing, which gives the most stringent constraints on dimension-

six SMEFT operators induced by heavy new physics (114), yields limits on flavor-violating

couplings that are at most comparable to those obtained from two-body decays, but are

subject to uncertainties due to contributions from UV physics that are parametrically of

the same order (28). For example, the radial mode in ALP models contributes to mixing

amplitudes parametricallly at the same level as the ALP itself, since its mass is set by the

same UV scale that suppresses the couplings of the tree-level ALP exchange.

3.2. Lepton Sector

In the lepton sector, the strongest constraints arise from laboratory searches for two-body

LFV decays. The decay rates scale with the sum of the squared couplings

Γℓ→ℓ′X ∝ |CX
ℓ′ℓ|2 + |CX5

ℓ′ℓ|2 . 10.

The experimental difficulty is that these decays look very similar to the corresponding

SM decays, resulting in a single visible object plus missing energy. As a consequence,

the ℓ → ℓ′X decays are not covered by standard LFV searches and require dedicated

experimental strategies to suppress the large SM background. One possibility is to study

3The decay mode KL → π0π0X in Ref. (108) could nominally lead to a stronger bound but the
analysis does not cover the range mX ≤ 50 MeV and cannot be used to derive a bound for the
massless X case.
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decays of polarized leptons, which gives an angular distribution of the final state lepton

that allows to distinguish between the chiral LFV couplings since (48, 16)

dΓ(ℓ → ℓ′X)

d cos θ
∝ 1 + 2 cos θ · Re(CX

ℓ′ℓCX5∗
ℓ′ℓ )

|CX
ℓ′ℓ|2 + |CX5

ℓ′ℓ|2
, 11.

where θ is the angle between the polarization vector of the decaying lepton ℓ and the

momentum of the final state lepton ℓ′. The three-body SM decay rate for a final state

lepton energy close to the maximal value Eℓ′ = mℓ/2 is

dΓ(ℓ → ℓ′νν)

d cos θ
∝ 1 − cos θ , 12.

due to the V-A structure of the SM. Therefore, at angles close to θ = π the SM background

is strongly reduced, giving sensitivity to the two-body decay, unless it is aligned with the SM

for CX5
ℓ′ℓ = −CX

ℓ′ℓ. The experimental collaborations that search for µ → eX usually constrain

only a given benchmark scenario, but using the complete data sets, one can constrain any

combination of chiral couplings. Here we focus only on the limits of either isotropic decays

(CX
ℓ′ℓ = 0 or CX5

ℓ′ℓ = 0) or purely left-handed (CX5
ℓ′ℓ = −CX

ℓ′ℓ) couplings, and use the limits

obtained in Ref. (48) from searches for massless invisible particles in muon decays carried

out in the late 80’s at TRIUMF. These are severely weakened for couplings aligned with

the SM decay and are replaced by the TWIST searches that rely on the monochromatic

electron as the signal. Another handle is through three-body decays with an extra photon,

µ → eγX, which at present gives weaker constraints than the two-body decays, but show

interesting prospects to increase the bound using MEG-II data, as discussed in Sec. 4.

We thus show also the present limit from the Crystal Ball collaboration (115). Finally, for

tau lepton decays only limits on the total branching ratio have been obtained recently at

Belle-II (100). We summarize the best current limits on LFV decays in Table 3, which are

used together with the predictions for the decay rates in Ref. (48) and (16) to derive the

limits in Figs. 1 and 2, with a single coupling switched on at a time.

4. FUTURE PROSPECTS

We now review the prospects of future searches for light particles in flavor-violating decays

with missing energy. Because of the very different experimental challenges, we again split

the discussion into quark and lepton sector. In general the sensitivity can be improved by:

1) performing existing searches with larger data sets; 2) applying dedicated search strategies

to existing data sets; and, 3) performing entirely new searches.

4.1. Quark Sector

Future sensitivities to flavor-violating two-body hadron decays with missing energy can be

estimated by rescaling existing searches with the expected luminosity increase. Starting

with K+ → π+X and massless X, an improvement by an order of magnitude compared

to the BNL result, BR(K+ → π+X) < 7.3 × 10−11 (120), can be expected using the

full data set of NA62 (28), and we use BRproj(K
+ → π+X) = 10−11 as a conservative

projection. The same flavor transition is probed by KOTO looking for the neutral decay

mode KL → π0X. The KOTO collaboration expects the sensitivity to be improved down

to the 10−11 level (121), which would provide a sensitivity to the sd couplings similar to

12 Martin Camalich - Ziegler



Table 4 Forecast of future laboratory limits on branching ratios of two-body meson,

baryon and lepton decays with X denoting a massless invisible particle.

Decay Prospective Limit Experimenta

BRproj(K → πX) 1 × 10−11 NA62 (28)

BRproj(K → ππX) 7 × 10−7 E391a (108, 28)

BRproj(Σ → pX) 2 × 10−6 STCF

BRproj(D → πX) 1 × 10−5 STCF

BRproj(Λc → pX) 1 × 10−6 STCF

BRproj(B → KX) 8 × 10−7 Belle II

BRproj(B → K∗X) 4 × 10−6 Belle II

BRproj(B → πX) 2 × 10−6 Belle II

BRproj(B → ρX) 3 × 10−6 Belle II

BR(µ → eX)iso 7 × 10−8 MEGII-fwd (48)

BR(µ → eX)iso,L,R 7 × 10−8 Mu3e (116, 117)

BR(µ → eX)iso 1 × 10−7 Mu2e-X, COMET-X (118)

BR(τ → eX) 4 × 10−5 Belle II (48, 119)

BR(τ → µX) 3 × 10−5 Belle II (48, 119)
a In brackets we indicate the references where the forecasts were performed.

NA62. Also searches for the KL → π0π0X mode could be performed by KOTO, although no

feasibility study has been carried out yet. Extending the existing upper limit of the E391a

collaboration on this mode (108) to the case of massless X would lead to the strongest

K → ππX limit on the sd couplings (28).

Another important probe for these transitions is offered by hyperon decays, which al-

ready give the best current limit on axial transitions using searches conducted by BESIII

for massless vectors. The present limit of BR(Σ → pX) < 3.2 × 10−5 already utilizes the

full data set that BESIII has reported on the J/Ψ resonance and significant improvements

beyond this limit will require a new measurement campaign. For example, a Super Tau

Charm Factory (STCF) (122) with an integrated luminosity of 1 ab−1 could produce a

sample of 3.4 × 1012 J/Ψ’s (∼ 3400 times more than in BESIII). Our projection in the

Σ → pX mode is then obtained by rescaling the current bound by the square root of this

increase. Future searches of other decay modes such as Λ → nX can potentially reach a

similar sensitivity.

Many of the current BESIII bounds on two-body decays probing the cu couplings would

also be improved by increasing data sets or dedicated searches at a future STCF. For

instance, in the case of the meson D → πX decays the situation could easily improve

by performing the two-body analysis over the existing D+ → τ+(→ π+ν̄)ν and D0 →
π0νν data sets (103, 104, 123). Moreover, the latter analysis only employed 2.93 fb−1

corresponding to a sample of 107 D0D̄0 pairs. Rescaling the current upper limit on the

D0 → π0νν decay (123) by the square root of the ratio of luminosities or number of D0
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mesons, one can forecast the future bounds that could be obtained with the 20 fb−1 to be

collected by the end of the planned BESIII operation (12), BRBESIII
proj (D0 → π0X) = 8×10−5,

or the 3.6×109 D0D̄0 pairs aimed to be collected at a STCF (122), BRSTCF
proj (D0 → π0X) =

10−5.

We note that these estimates of the projections for direct searches might be over-

conservative, as stronger bounds could stem from a dedicated two-body analysis. Therefore,

a forecast of the charmed baryon decays, where this has been performed with the full BESIII

data set, is more direct. Rescaling by the square root of the sample size ∼ 105 Λc’s reported

in the BESIII sample (91) with 5.6 × 108 charmed baryons planned in an SCTF (122) we

find BR(Λc → pX) ≲ 10−6. We use this forecast for the projections of the cu couplings

shown in Figs. 1 and 2.

Turning to bs and bd couplings, the sensitivity to branching ratios for invisible decay

modes of B-mesons will improve significantly with Belle II, where the final integrated lu-

minosity is anticipated to reach 50 ab−1. This increase in luminosity should also enable

several dedicated analyses of invisible two-body decays, superseding the recasts currently

used to derive the limits shown in Table 3.

In order to estimate the future sensitivity for the B → KX transition, we use the recast

performed in Ref. (97) of the Belle II search for B+ → K+νν̄ (95), rescaling it by the

square root of the ratio of the associated luminosity (362 fb−1) and the prospective size

of the data set (50 ab−1). For the rest of the two-body decay modes, future limits can

be estimated by rescaling in a similar way the recasts of the three-body decays reported

by BaBar with the corresponding gain in data sample size at Belle II as done in Ref. (28)

(which is approximately factor 100 assuming similar reconstruction efficiencies at Belle II

and BaBar) 4. In the case of B → ρX, where the only current bound was obtained by a

recast of LEP data in Ref. (94), the future projection is estimated as in Ref. (28), using

the current Belle bound on the three-body decay modes B → ρνν̄ (for 711 fb−1) (124), but

again employing square-root luminosity scaling instead of linear scaling.

Finally, we want to emphasize that there are several potentially interesting channels

to search for a dark boson signal, as suggested in Ref. (28). For example, there are no

measurements of mesonic decay modes in c → u transitions that are sensitive to the axial-

vector coupling, i.e., there are no D → ππX or D → ρX searches with X being an invisible

massless particle or di-neutrino state. One could also search for a signal in Ds → KX,

Ds → K∗X decays, all of which could be performed at Belle II, BESIII and at STCF.

4.2. Lepton Sector

Probes of SM predictions for rare processes with charged leptons will improve substan-

tially in the next decade. The muon beam experiments MEG II (15), Mu3e (125, 126),

COMET (127) and Mu2e (128) will collect unprecedented datasets using O(1015 − 1017)

muons each. Similarly, Belle II and STCF are expected to collect roughly 5 × 1010 (129)

and 2 × 1010 (130) τ+τ− pairs, respectively, exceeding the datasets at Belle and BaBar by

more than an order of magnitude.

Starting with two-body τ -decays, simple estimates for future sensitivities can be ob-

tained by upscaling the present Belle II bound with the full expected data set, as done in

4Note that in Ref. (28) an optimistic rescaling linear in the ratio of luminosities was used, while
here we employ a more conservative scaling with the square-root of luminosities.
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Refs. (48, 119). Using the current expected bound for BR(τ → ℓX) provided in Ref. (100)

for 62.8 fb−1, one may estimate that Belle II with 50 ab−1 may set 90 %CL limits on flavor-

violating τ -decays given by BRproj(τ → eX) = 4 × 10−5 and BRproj(τ → µX) = 3 × 10−5.

Novel analysis strategies have been proposed to further improve signal/background discrim-

ination by using suitable kinematic variables, which might strengthen these bounds by a

factor of three (131) or even an order of magnitude (132).

Many new ideas have been put forward to increase sensitivity of searches for two-body

muon decays at various muon beam experiments, see Ref. (133) for a recent proposal for

Mu3e searches for µ → eeeX and a concise overview of other recent ideas. Up to now the

only experimental study (116, 117) relies on an online trigger proposal optimized to look for

monochromatic µ → eX events on top of the three-body SM Michel spectrum at the Mu3e

experiment, with an expected limit of BRproj(µ → eX)iso = 7×10−8. This strategy requires

an extremely accurate control of theoretical uncertainties due to the irreducible µ → eνν

background, which has been quantified in Ref. (134) and implemented in the Monte Carlo

code McMule (135).

While the Mu3e approach does not rely on polarization to suppress background, and

thus is independent on the specific chiral structure of dark boson couplings, it faces severe

challenges related to systematics uncertainties in searching for a bump close to the endpoint

of the SM spectrum (corresponding to massless X), as this region is typically assumed to

be signal-free and used for experimental calibration. For this reasons alternative calibration

techniques and/or search strategies are required for Mu3e. One interesting proposal in this

direction is to look for µ → eeeX decays, which can be expected to be sensitive to flavor-

violating µe couplings at the same order as the current Mu3e proposal, but without the

same experimental challenges.

Another proposal for a new experimental set-up at MEG II is MEGII-fwd, which con-

sists of a dedicated calorimeter installed in the forward direction relative to the muon

beamline (48). The search strategy follows the experiment by Jodidio et al. in 1986 (98),

looking for µ+ → e+a decays, utilizing that µ+ is polarized antiparallel to the beam direc-

tion, up to depolarization effects. The major benefit of such an experimental setup is that

the irreducible SM background from the three-body Michel decay is reduced at the maximal

positron momentum pe+ = mµ/2 in the forward region (in the direction opposite to the

polarization of µ+). Since the SM decay amplitude is controlled by left-handed couplings,

it vanishes for an exactly forward positron, if produced from a muon that is completely po-

larized. For a highly polarized muon beam the SM background from µ+ → e+νν̄ is strongly

suppressed in this part of the phase space, while the µ+ → e+a decay is allowed for an LFV

ALP with nonzero right-handed couplings to the SM leptons. MEGII-fwd can thus be used

to search for an effectively massles ALP produced in µ+ → e+a, unless its couplings are

aligned to the SM, i.e. mainly left-handed (CX
ij = −CX5

ij ). The final reach of MEGII-fwd

depends on how well depolarization effects can be controlled, on the positron momentum

resolution of the forward calorimeter, and on whether or not magnetic focusing is applied

in order to increase the positron luminosity in the forward direction. In Table 4 we show

the expected (optimistic) limit for the isotropic decay BRproj(µ → eX)iso = 7 × 10−8 (48).

Another strategy for MEG-II that does not require additional hardware is the MEGII-ALP

proposal for µ → eaγ (136), which employs an alternative data-taking strategy that greatly

increases the signal acceptance by adjusting the trigger selection while reducing the beam

intensity. Indeed the standard MEGII trigger is optimized for the µ+ → e+γ decay, requir-

ing the positron and photon to be back-to-back with equal energies Ee = Eγ = mµ/2. As a
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consequence, the trigger is suboptimal to probe µ → eaγ, where the signal rate peaks for a

soft photon collinear with the positron. Implementing a new trigger that selects events in

this kinematic region would allow MEGII to search for µ+ → e+aγ decays, giving a prospec-

tive limit on the decay rate that exceeds the one of the Crystal Ball collaboration (115) by

more than two orders of magnitude (136).

Finally, it has been proposed to use detector validation datasets of Mu2e to conduct

searches for µ+ → e+X decays at rest, as suggested in Ref. (137, 118) under the shorthand

Mu2e-X. An analogous search (COMET-X) was proposed for the COMET experiment with

µ− → e−X decaying in orbit (138). The projected limit at both proposals is BRproj(µ →
eX)iso = 1× 10−7, and thus similar to the Mu3e reach. However, for massless dark bosons,

both Mu2e and COMET proposals are likely to encounter similar systematic uncertainties

as the µ → eX search at Mu3e (133).

5. ASTROPHYSICAL CONSTRAINTS

It is remarkable that flavored dark sectors can also be probed with observations of core-

collapse supernovae, which feature temperatures and densities high enough to sustain a

sizable population of moderately heavy flavors. Muons and hyperons are, indeed, expected

to emerge in the hot and dense proto-neutron star (PNS) formed during SN explosions (139,

140, 141, 142), and could decay into light dark particles carrying energy away from the PNS.

This new cooling mechanism can be constrained by observations of SN 1987A (28, 88).

Specifically, the duration of the neutrino pulse would have been shorter than observed if

the dark luminosity had been comparable to that of the neutrinos (143). These bounds

have been extensively explored for muons in (144, 48, 145, 146, 147) and for hyperons in

(28, 88, 148, 149, 142).

In the case of hyperons, various models have been studied that induce flavor-changing

neutral currents such as Λ → nX. Focusing on the emission of light-dark bosons, the

energy-loss rate per unit volume Q can be estimated as the product of the hyperon number

density nΛ, the energy released per decay, approximately given by the hyperon-neutron

mass difference, and the hyperon decay rate, giving Q ∝ nΛ(mΛ − mn)Γ(Λ → nX). One

can further approximately describe the effects of neutron degeneracy(143, 28) by a single

number Fn, given by the thermal average of the Pauli blocking factor (143). An estimate

of the emissivity (the energy-loss rate per unit mass) ϵ in the nonrelativistic limit is, then,

ϵ ≈ FnYΛ
mΛ −mn

mn

BR(Λ → nX)

τΛ
, 13.

where τΛ is the hyperon lifetime and YΛ = nΛ/nB is the abundance of hyperons in the

PNS, normalized by the baryonic number density. Adopting the classical upper limit on

emissivity, ϵmax = 1019 erg s−1 g−1 (143), from SN 1987A under the conditions predicted

for the PNS around 1 second post-bounce, one obtains

ϵ ≈ ϵmax

(
YΛ

0.01

)(
0.7

Fn

)(
2 × 10−9

BR(Λ → nX)

)
. 14.

Therefore, for a typical Λ abundance of 1%, this gives an upper limit on the branching

fraction in the range of 10−9, which is many orders of magnitude more stringent than

those obtained from laboratory searches, for example with the full data set at BESIII (see

Section 4.1).
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Furthermore, as discussed in (88), excessive emission of dark boson from hyperon decays

would still occur in the deep-trapping regime (corresponding to large couplings or large

branching fractions), as the dark luminosity would have to originate from the surface where

Λ’s remain in equilibrium with the plasma, which corresponds to a high-temperature region.

The estimate in Eq. 14 has been improved with a complete calculation of the decay

process using kinetic theory, including the effects of the medium on the dispersion relation

of the baryons (88). Moreover, radial profiles of all the thermodynamical quantities relevant

for the calculations of the rates can be extracted from spherically symmetric simulations,

such as those reported in (144), designed for these types of studies. These simulations did

not include hyperons as an ingredient in the nuclear equation of state or the feedback of the

energy loss caused by the invisible decays of the Λ in the SN simulation. Nonetheless, upper

limits on the branching ratio were derived in Ref. (88), with thermodynamic quantities at

1 second post-bounce recalculated using interpolation tables based on hyperonic extensions

of the EOS used in the simulations. The upper limit that is obtained is,

BR(Λ → nX) ≲ 8 × 10−9, 15.

which is the weakest one among those obtained using the different simulations reported in

Ref. (144). This result is a factor ≈ 4 weaker than the approximate expression in Eq. 14,

translating into a factor ≈ 2 weaker bound on the UV scale of the dark boson. For the case

of scalar couplings, these bounds are Λeff ≳ 7×109 GeV and Λeff ≳ 5×109 GeV for CS
sd and

CS5
sd , respectively, and Λeff ≳ 1 × 1010 GeV for the massless vector with dipole couplings.

Ref. (150) reported the first simulations incorporating a hyperonic equation of state and

energy losses due to invisible Λ decays. These simulations demonstrate that such decays

accelerate deleptonization of the PNS and enhance cooling, reducing the neutrino emission

timescale by a factor of two and thereby validating previous analyses.

A similar analysis can be performed for the LFV muon decays µ → eX. Using the same

approximations as for hyperons, one would find for this process an equation analogous to

Eq. 13 with the appropriate replacements, i.e. δ → (mµ −me)/mn. Thus, for muon decays

one obtains,

ϵ ≈ ϵmax

(
Yµ

0.03

)(
0.5

Fn

)(
10−5

BR(µ → eX)

)
, 16.

which, contrary to the case of the quark couplings and the hyperon decays, is a bound much

weaker than the ones obtained from laboratory experiments (see Ref. (151) for a related

analysis using different production processes but obtaining similar limits).

We finally comment on astrophysical limits on flavor-diagonal couplings to fermions,

which can be compared to the limits on flavor-violation. Writing the scalar couplings

to electrons and neutrons as L = −a/Λ(mee(CS
ee + CS5

eeγ5)e + mNN(CS
NN + CS5

NNγ5)N ,

star cooling limits from Red Giants (RG) give Λ/CS
ee,NN ≳ 7 × 1011 GeV (152), while

a recent analysis of the White Dwarf (WD) luminosity function gives Λ/CS
ee,NN ≳ 1 ×

1012 GeV (153), with only small differences between electron and nucleons. Limits on

couplings to pseudoscalar currents are weaker, with Λ/CS5
ee ≳ 2× 109 GeV from WDs (154)

and Λ/CS5
NN ≳ 8× 108 GeV from SN 1987A (155). Note that for light vectors with diagonal

couplings of the form in Eq. 2 and derivatively coupled scalars (Eq. 6) the latter bounds

apply. Even the most stringent limits on scalar couplings are surpassed by laboratory limits

on s → d transitions, with potential to be extended in the near future by NA62. On the

other hand star cooling limits on pseudoscalar diagonal couplings to nucleons and electrons

(including couplings of light vectors and derivatively coupled axions) are at the level of
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109 GeV, which is comparable to present limits on µ → e transitions and prospects on

b → s and b → d transitions. We emphasize that the bounds from star cooling of RGs

(WDs) are not valid for dark boson masses above the typical core temperatures of about 10

keV (1 keV), while the laboratory limits discussed in the previous sections extend to much

larger masses.

6. COSMOLOGICAL CONSTRAINTS

Since DM is our main motivation to look for missing energy in flavor-violating decays, we

should also discuss their impact in cosmological scenarios where the dark boson is directly

connected to the DM abundance. In the following we discuss these aspects in more de-

tail. The easiest possibility is that the boson is stable even on cosmological scales, and is

produced in the early universe in quantities that amount to the observed relic DM abun-

dance of ΩDMh2 = 0.12. The preferred production mechanism depends crucially on the

dark boson mass: very light bosons with masses much below the keV scale have to be

non-thermally produced in order to avoid constraints on warm DM (WDM). A classic pro-

duction mechanism of this kind is misalignment, which has originally been proposed for the

QCD axion (25, 26, 27), and then generalized for general light feebly interacting bosons in

Ref. (63). However, a thermal population of such light particles can also be produced by

the flavor-violating interactions in Eq. 4, which are then subject to stringent constraints on

dark radiation and WDM. If this production channel dominates over misalignment, it can

fully account for the observed DM abundance via thermal freeze-in (52). This allows for a

direct link between the size of flavor-violating decay rates and the DM relic abundance.

6.1. Constraints from Dark Radiation

While misalignment can easily yield light bosons behaving as cold DM in the required

quantitites, such particles can be produced also thermally by direct couplings to SM particles

and are relativistic at least at the early stage of the evolution of the Universe (156). In

the context of flavor-violating interactions in Eq. 4 the main production channel would be

through decays of SM fermions. For sufficiently large couplings (sufficiently small Λ/Cij),

such decays (and their inverse processes) bring the light bosons into thermal equilibrium

with the SM plasma. When the temperature drops, the rate of inverse processes peters

out, and the dark bosons maintain their freeze-out abundance when they decouple from the

thermal bath. Alternatively, when the couplings are so small that thermal equilibrium is

never achieved, a dark boson abundance slowly builds up from SM fermion decays, until

the temperature drops below the mass of the mother fermion, so it becomes non-relativistic

and its abundance is exponentially suppressed.

Thermal relics are constrained by Big Bang Nucleosynthesis (BBN), observations of

the Cosmic Microwave Background (CMB) and structure-formation. Very light (sub-eV)

particles such as the QCD axion are relativistic at recombination, and thus contribute

to dark radiation (e.g. to the energy density stored in relativistic degrees of freedom),

which is conveniently parameterized in terms of the effective number of additional neutrino

species ∆Neff . This observable is constrained by CMB observations and baryon acoustic

oscillations (BAO), and the most recent combined analysis by Planck collaboration sets the

upper bound ∆Neff ≤ 0.3 at 95% CL (157). This bound is expected to be improved to 0.1

at the Simons Observatory (158) and eventually to 0.05 by CMB-S4 experiments (159).
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These limits allow to constrain flavor-violating couplings of very light bosons, provided

they are stable not only on collider but also on cosmological scales, which requires a calcu-

lation of their energy density at the time of recombination. The resulting constraints have

been studied in Refs. (160, 161, 162, 163, 119), and we report their results in the following.

Starting with LFV transitions, present laboratory limits on muon decays are stronger

than the projected CMB-S4 bound from cosmology, giving Λeff ≳ 109 GeV for µ → e

transitions (163). Instead for τ → ℓ transitions (there is essentially no difference between

ℓ = µ, e) the projected limit is of the order of 108 GeV (119), while the present bound

from Planck cannot compete with the present Belle II limit (according to Ref. (119), which

refined the calculation in Ref. (163) that suggested the opposite conclusion).

In the quark sector, the NA62 limits on s → d exceed by far even future cosmology

projections (163), while CMB-S4 projections for b → s, d transitions are of the order of

Λeff ≳ 108 GeV (162), which interestingly are in the same ballpark as the projected limits

for Belle II. Note that Ref. (163) found more stringent cosmology limits, however it is not

entirely clear whether the production rates from flavor-violating scattering processes were

appropriately treated, due to complications from IR divergencies that can potentially give

large unphysical enhancement factors (cf. Ref. (164)). For the same reason their projection

on c → u transitions might be too optimistic, and a more conservative estimate can be

obtained using the result in Ref. (160) (which takes into account only decays) finding

Λeff ≳ 108 GeV, which again is at the same level of BESIII and STCF projections. We

finally emphasize that the these limits from ∆Neff are invalidated if i) the dark boson is

sufficiently heavy to avoid constraints from dark radiation and WDM, i.e. for roughly

mX ≳ few keV; ii) if the boson is only stable on collider, but not on cosmological scales; or

iii) if sizable couplings to SM particles substantially alter its thermal history.

6.2. DM Relic Abundance

For dark bosons with masses above few keV the ∆Neff and WDM bounds can be avoided,

and one can consider scenarios where the flavor-violating decays are in fact the dominant

production of light bosonic DM, reproducing the observed DM abundance via thermal

freeze-in (52). The relic abundance is then set by the product of DM mass mX and flavor-

violating decay rate, ΩXh2 ∝ mXΓ(fi → fjX) ∝ mX(CX,X5
ij /Λ)2, giving a prediction for

the decay rate as a function of the dark boson mass, which otherwise requires extensive

flavor model-building (cf. Sec. 2). This kind of scenarios serve as one possible motivation

for explicit experimental targets, directly connecting the flavor-violating decays to the DM

abundance. Therefore, we give some details of these models below, focusing on the case of

axion-like particles discussed in Refs. (165, 164).

The main challenge of this scenario is DM stability, as the ALP can always decay into

two photons, with a decay rate set by

Γa→γγ ≈ α2
em

64π3

m3
a

f2
a

|Cγ |2 , Cγ = E − 1.92N +
∑
i

CA
ii

m2
a

12m2
i

, 17.

up to higher powers of m2
a/m

2
i , and where the sum runs over all electrically charged SM

fermions. Here CA
ii are the diagonal axion couplings to fermions in Eq. 6 and E(N) are

the electromagnetic (color) anomaly coefficients of the model, determined by the fermion

couplings. Although it is relatively easy to make the axion lifetime larger than the age of the

universe, 1/H0 ∼ 1017sec, it turns out that in the relevant axion mass range much stronger
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Figure 3

Allowed parameter space for DM freeze-in through LFV decays, taken from Ref. (165). The ALP

decay constant fa (top x-axis) is determined by requiring that the DM abundance today is
produced through freeze-in, once ALP mass ma (bottom x-axis) and the mixing angle α is fixed,

which is defined in Eq. 18 (we choose the reference values α = 0). The dark blue shaded, blue

shaded and gray shaded regions are excluded by the DM lifetime, CMB and X-ray constraints
on decaying DM, respectively. The reach of future X-rays searches is shown by dashed orange

lines. Conservative (stringent) constraints on WDM requiring mWDM ≳ 3.5(5.3) keV are shown as
dotted-dashed (dashed) gray lines. Present bound from µ → ea searches are shown as green

shaded regions, while the prospects for future proposed searches at MEG II (136) and

Mu3e (48, 116) are shown as dashed green lines.

constraints on the decay rate arise from X-ray telescopes, requiring Γa→γγ ≳ 1028sec (165).

This implies that the underlying PQ symmetry must be anomaly-free, and one needs ma ≪
mi and/or CA

ii ≪ CA,V
ij . In fact, note that DM production is controlled by CA,V

i ̸=j while DM

stability is governed by CA
ii , so in principle these are independent parameters, although a

strong hierarchy CA
ii ≪ CA,V

ij seems unnatural. In any case, ALP stability gives an upper

bound on ma, while a lower bound arises from experimental limits on the decay rate (since

Ωah
2 ∝ maΓ(fi → fja)) and from Lyman-α limits on WDM, which in the case of freeze-in

production require ma ≳ 10 keV.

As an explicit example we consider the effective 2-flavor scenario discussed in Ref. (165),

where two right-handed SM leptons are oppositely charged under PQ and a single angle

parametrizes the rotation to the mass basis. This simplified model has just three parameters:

the axion mass ma, the axion decay constant fa, and a single angle 0 ≤ α ≤ π/2, which

controls the couplings to leptons, e.g. for the µe scenario

CA
ee = −CA

µµ = sinα , CA
µe = CV

µe = cosα . 18.

After fixing the axion decay constant to reproduce the observed abundance, one is left with
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a two-dimensional parameter space, where constraints on decaying DM, WDM and direct

laboratory searches are imposed, see Fig. 3. The stringent bounds from X-ray searches

require diagonal axion couplings to be smaller than off-diagonal ones by at least 1%, ruling

out the limit of exact flavor conservation α = π/2. Present limits from laboratory searches

are roughly at the same level as WDM constraints, but the proposed searches at MEG II

and Mu3e will probe almost the entire allowed parameter space. These experiments have

the unique opportunity of probing directly the very same decay that could have produced

axion DM in the early Universe.

7. SUMMARY AND OUTLOOK

SUMMARY POINTS

1. Flavor-violating decays with light invisible states, mimicking SM three-body decays

with neutrino pairs, can be probed at colliders. In contrast to heavy new physics

contributions, these searches are controlled by dimension-five operators, provid-

ing exceptional sensitivity to high-energy scales, with current limits ranging from

107 GeV (tau and charm) to nearly 1012 GeV (kaons).

2. Light dark bosons with flavor-violating couplings have decent theoretical motivation

by the strong CP problem, the dark matter relic abundance and/or the SM flavor

puzzle, for example as QCD axions of a flavor non-universal PQ symmetry.

3. Muons and hyperons are present in proto-neutron stars formed during core-collapse

supernovae. Their decays into invisible states introduce a new cooling mechanism

constrained by SN 1987A. The resulting limits on hyperon decays are stronger than

those from laboratory experiments by several orders of magnitude.

4. Flavor-violating decays can take place in the early universe producing a relic abun-

dance of light dark states. While DM masses below a few keV are constrained by

dark radiation and warm DM limits, heavier bosons can potentially account for the

observed DM abundance with a direct link to the size of flavor-violating couplings.

FUTURE ISSUES

1. Flavor constraints on light dark sectors can be strengthened considerably by improv-

ing existing searches with larger data sets, applying dedicated analysis strategies to

current data, or conducting entirely new searches.

2. Projected sensitivities to the UV scale reach up to more than 1012 GeV in kaon

decays (NA62), 1010 GeV in muon decays (Mu3e/MEG) and 108 GeV in B-meson

(Belle II) and charmed-hadron decays (BESIII/STCF).

3. Predictions of flavor-violating couplings in explicit models are rare. Their determi-

nation in motivated SM extensions will prove valuable to define explicit experimen-

tal targets for probing dark flavored sectors.

4. In many cases there is an interesting interplay between future collider and cosmolog-

ical constraints, which motivates a more precise assessment of prospective collider

limits and DM production rates in the early universe.
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