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Minimal flavor violation (MFV) provides a compelling framework for exploring physics beyond the
Standard Model, in which new QCD-singlet fields transforming under the global SUð3Þ3 quark flavor
symmetry can naturally be stable and act as dark matter (DM) candidates. We show that the DM–MFV
framework naturally accommodates the excess in either Kþ → πþνν̄ or Bþ → Kþνν̄, while a unified
explanation of both channels simultaneously cannot be achieved within a minimal setup containing only a
single dark matter multiplet with nearly degenerate masses. Overall, our findings underscore the intricate
interplay between MFV-based model building, flavored dark matter scenarios, and precision flavor
experiments, highlighting flavored dark matter as a framework that is both theoretically robust and
experimentally testable.
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I. INTRODUCTION

Rare flavor-changing neutral current (FCNC) processes
such as those involving s → d and b → s transitions are
among the most sensitive probes of physics beyond the
Standard Model (BSM). Their theoretical cleanliness—
stemming from the dominance of short-distance dynamics,
and the absence of large hadronic uncertainties—makes
them ideal for testing new physics scenarios.
Experimental efforts by NA62 [1] and KOTO [2] in

Kaon decays, and Belle II [3] in B-meson decays, have
significantly improved bounds on K → πνν̄ and B →
Kð�Þνν̄ channels, respectively. While the Standard Model
(SM) predicts a coherent pattern for these processes,
emerging data provide mild yet intriguing hints of devia-
tions. In particular, the central value of the Kþ → πþνν̄
branching ratio reported by NA62 lies somewhat above the
SM prediction [1]. Even more strikingly, the latest Belle II
results in the Bþ → Kþνν̄ channel show an excess with a
significance of about 2.7σ [3].
Many studies have investigated new physics interpreta-

tions of the recent Belle II excess in Bþ → Kþνν̄ [3],

mostly in two approaches. In the first approach, the excess is
attributed to heavy new physics. Integrating out new heavy
degrees of freedom induces various effectivebsνν interaction
operators, which provide additional contributions to the
b → sνν̄ transition. Effective field theories (EFTs), with or
without light right-handed neutrinos, are employed to
perform a model-independent analysis in this scenario
[4–17], allowing one to identify distinct correlations among
various flavor observables. In particular, correlations among
BðBþ → Kþνν̄Þ, BðB → K�νν̄Þ, and longitudinal polariza-
tion fraction of K� in B → K�νν̄ helps disentangle different
new physics contributions to B → Kð�Þνν̄ observables
[5,6,10,12,13]. Concrete ultraviolet realizations are also
proposed, including a supersymmetric model [18], models
with leptoquarks [11,16,19–23] and Z0 bosons [4,11,24],
scotogenic model [25], grand unified theory [26], and
universal extra-dimension model [27].
In the second approach, the Belle II excess is interpreted

as dark particle emission in B → K decays: two-body
(B → KX) or three-body (B → Kϕϕ) processes. The emit-
ted dark particle can be a scalar, fermion, or vector, and
may act as dark matter. The studied dark particles include a
singlet (Higgs-portal) scalar [28–41], axion and axionlike
particles [42–50], a singlet fermion [32,35,38], dark photon
[45,51], and light vector bosons [32,35,38,40,42,44,52–54].
According to a model-agnostic analysis for the missing
invariant mass squared (q2) distribution [32,35,38], two-
body and three-body scenarios both provide a good
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description for the excess, with the best fit for MX ≃ 2 GeV
and Mϕ ≃ 0.5 GeV for the two-body and three-body sce-
narios, respectively.
In this paper, we examine whether this Belle II Bþ →

Kþνν̄ excess, together with the slightly higher-than-
expected Kþ → πþνν̄ branching ratio measured by
NA62 [1], can be accommodated within the minimal flavor
violation (MFV) dark matter framework [55–59]. For
Bþ → Kþνν̄, our analysis is similar to the one outlined
in [35,38,54], and we expand this to search for a simulta-
neous description of this excess, together with available
data on other di → djνν̄ processes.
MFV [60–63] postulates that all sources of flavor and

CP violation originate from the Standard Model Yukawa
couplings, ensuring that any new physics sector obeys the
same flavor structure as the SM. In this setup, new
operators contributing to s → dνν̄ and b → sνν̄ transitions
are aligned with Cabibbo–Kobayashi–Maskawa (CKM)
hierarchies, naturally generating correlated predictions
for Kaon and B-meson observables. Strikingly, MFV
symmetries can stabilize additional flavor multiplets,
allowing them to play the role of dark matter. It has
previously been shown that in MFV the lightest state of
a new QCD-singlet field χ that transforms under the quark
flavor subgroup SUð3Þq × SUð3Þu × SUð3Þd is stable, even
when all higher dimensional operators are included [55,59].
This is due only to the invariance under the color and flavor
groups within the MFV. Remarkably, the addition of the χ
fields, acting as spurions of the flavor group beyond the
usual SM Yukawa matrices, breaks the minimally expected
scaling of BSM contribution in strict Uð3Þ3 MFV:
CBSM
ij ∼ ðY†

uYuÞij ∝ V�
tiVtj. Investigation of MFV beyond

minimal assumptions is therefore well motivated, in par-
ticular considering implications for di → djχiχ̄j processes,
where χi has the same flavor charge as the quark fields.
Here, we show that a unified explanation of both

anomalies cannot be achieved within a minimal setup
containing only a single dark matter (DM) multiplet.
Accommodating both channels simultaneously requires
introducing an additional DM multiplet with a different
mass for each flavor. In our analysis we construct a
likelihood which contains all the publicly available exper-
imental data, searching for a comprehensive phenomeno-
logical description of this scenario.
This paper is organized as follows. In Sec. II, we review

effective operators for MFV DM. Section III presents the
experimental setup for rareK andB decays. Our main results
are given in Sec. IV and we conclude in Sec. V. Technical
details and calculation tools are provided in the appendices.

II. DARK MATTER WITHIN MINIMAL
FLAVOR VIOLATION

The SM exhibits a large global flavor symmetry Uð3Þ5 ¼
Uð3Þq × Uð3Þu × Uð3Þd × Uð3Þl × Uð3Þe in the gauge

sector [60,64]. This symmetry is explicitly broken by the
Yukawa interactions of quarks and leptons to the doublet
Higgs field H, and flavor violating processes show specific
patterns controlled by the structure of the Yukawa inter-
action matrices Yu;d;e.
New interactions from physics beyond the SM can

introduce independent sources of flavor violation, generally
at very high scales much above the TeV scale. The MFV
hypothesis [60–63] requires that new physics interactions
also respect the Uð3Þ5 flavor symmetry, with breaking
controlled solely by the Yukawa matrices. Formally, MFV
is implemented by promoting the Yukawa matrices to
spurion fields which transform like

Yu ∼ ð3; 3̄; 1; 1; 1Þ; Yd ∼ ð3; 1; 3̄; 1; 1Þ;
Ye ∼ ð1; 1; 1; 3; 3̄Þ; ð2:1Þ
under the Uð3Þ5 flavor group.
In this formalism, for any operator Oij… with flavor

indices i; j;…, its coupling Cij… is expanded in Yukawa
spurions to ensure invariance under flavor transformations.
More concretely, Cij is expressed for Oij ∼ ð1; 3 ⊗
3̄; 1; 1; 1Þ as

Cij ¼ c0δij þ ϵc1ðY†
uYuÞij þ ϵ2

h
c2ðY†

uYuY
†
uYuÞij

þ c02ðY†
uYdY

†
dYuÞij

i
þ…; ð2:2Þ

where the ellipsis represents further spurion insertions,
which are suppressed by additional powers of Yukawa
couplings, CKM off-diagonal elements, and a potentially
small MFV expansion parameter ϵ.
Remarkably, when new QCD-singlet particles are added

to the SM, the principle of MFV can also ensure the
stability of some of them, allowing these particles to serve
as DM candidates. Consider a new QCD-singlet field χ,
transforming like χ ∼ ðnq;mqÞ × ðnu;muÞ × ðnd;mdÞ
under Gq ¼ SUð3Þq × SUð3Þu × SUð3Þd. One can show
that the lightest state of χ is absolutely stable when ðnq þ
nu þ nd −mq −mu −mdÞ mod 3 ≠ 0 is satisfied [55,57].
This state, χ, is thus an excellent DM candidate if electri-
cally neutral. Table I lists the lowest-dimensional repre-
sentations of Gq that are stable according to the above
conditions.
In this framework, interactions between quarks and dark

matter particles determine the phenomenology in the dark
sector: e.g., dark matter production in the early Universe,
for (in)direct searches, and decays of the heavy dark states.
The traditional weakly interacting massive particle (WIMP)
parameter space, where χ is heavier than B mesons, was
comprehensively studied in [55,56], with implications
ranging from freeze-out cosmology to collider signals
and FCNC processes. The possibility of multicomponent
dark matter was investigated in [59]. If instead χ is lighter
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than B mesons, some operators can induce dark matter
emission from heavy quark decays, such as di → djχiχ̄j.
Since χ must be effectively unobservable with current
detectors, these new decay modes mimic the FCNC decays,
di → djνν̄.
In this section, we classify the leading effective operators

contributing to di → djχiχ̄j, with a focus on the lowest-
dimensional representations with ðn;mÞ ¼ ð1; 0Þ. In this
work, we consider a flavored dark matter multiplet χ ¼ S
(scalar) or ψ (fermion) as the only new light degrees of
freedom below the electroweak scale. Their interactions
with the SM quarks are described by higher-dimensional
operators whose flavor structure is fixed by the MFV
hypothesis. In this framework, the fields χ are degenerate at
leading order in the MFV expansion, and mass splittings
arise only from insertions of the Yukawa spurions at higher
order:

ðm2
SÞij ¼ m2

S½δij þ cS ϵðY†
qYqÞij þ…� ð2:3Þ

for a scalar multiplet S, or

ðmψÞij ¼ mψ ½δij þ cψϵðY†
qYqÞij þ…� ð2:4Þ

for a fermion multiplet ψ . Here, cS;ψ are unknown
coefficients of order unity, and ϵ ≤ 1 counts the number
of Yukawa insertions in the MFVexpansion. The matrix Yq

denotes either Yu or Yd, depending on the flavor repre-
sentation of the new fields. Throughout this paper, we
ignore small corrections of OðϵÞ and only keep the leading
order terms. Consequently, the χ fields are degenerate at
this order.

A. Scalar DM

First, we focus on the case of scalar DM S. The relevant
interaction Lagrangian is composed of dimension-6 oper-
ators involving two quark fields and two dark matter fields,

L eff
S ¼ 1

Λ2

X
I

X
i;j;k;l

CI
ijklO

I
ijkl; ð2:5Þ

where i, j, k, l ¼ 1, 2, 3 are quark flavor indices and a full
set of the operators for scalar DM is given by

O1
ijkl ¼ ðq̄LiγμqLjÞðS†ki∂μ

↔
SlÞ; ð2:6Þ

O2
ijkl ¼ ðūRiγμuRjÞðS†ki∂μ

↔
SlÞ; ð2:7Þ

O3
ijkl ¼ ðd̄RiγμdRjÞðS†ki∂μ

↔
SlÞ; ð2:8Þ

O4
ijkl ¼ ðq̄LiH̃uRjÞðS†kSlÞ;

O4̄
ijkl ¼ ðūRiH̃†qLjÞðS†kSlÞ ¼ ½O4

jilk�†; ð2:9Þ

O5
ijkl ¼ ðq̄LiHdRjÞðS†kSlÞ;

O5̄
ijkl ¼ ðd̄RiH†qLjÞðS†kSlÞ ¼ ½O5

jilk�†; ð2:10Þ

where A∂μ
↔
B ¼ Að∂μBÞ − ð∂μAÞB. Hermiticity requires that

C1
ijkl ¼ ½C1

jilk��; C2
ijkl ¼ ½C2

jilk��; C3
ijkl ¼ ½C3

jilk��;
C4
ijkl ¼ ½C4̄

jilk��; C5
ijkl ¼ ½C5̄

jilk��: ð2:11Þ

Of these operators, O1
ijkl, O

3
ijkl, and O5

ijkl provide flavor
violating interactions to the down quarks at the tree level, so
that hereafter we only consider these three operators.
Under MFV, the coefficients CI

ijkl are expanded in terms
of the quark Yukawa matrices and their concrete expres-
sions depend on the Gq representation of the DM field Si.

1. S ∼ ð3; 1; 1Þ
The leading coefficients are given by

C1
ijkl ¼ c11δijδkl þ c12δilδjk þ…; ð2:12Þ

C3
ijkl ¼ c31δijδkl þ…; ð2:13Þ

C5
ijkl ¼ c51ðYdÞijδkl þ c52ðYdÞkjδil þ…; ð2:14Þ

where the ellipses indicate further Yukawa matrix inser-
tions and cnm are taken to be real.
Without loss of generality, one can take ðYdÞij ¼ yidδij

and Yu ¼ V†Ŷu, with V being the CKM matrix and
ðŶuÞij ¼ yiuδij. In the unitary gauge hHi ¼ ð0; v= ffiffiffi

2
p ÞT

and in the quark mass basis (uL → V†uL), we find

TABLE I. Flavored DM candidates. Listed are the lowest-
dimensional representations of Gq that are stable once MFV
is imposed, with ðn;mÞ where n≡ nq þ nu þ nd,
m≡mq þmu þmd. Depending on their electroweak quantum
numbers, these multiplets may contain viable DM candidates.

ðn;mÞ SUð3Þq × SUð3Þu × SUð3Þd
(1, 0) (3, 1, 1), (1, 3, 1), (1, 1, 3)

(0, 1) ð3̄; 1; 1Þ; ð1; 3̄; 1Þ; ð1; 1; 3̄Þ
(2, 0) (6, 1, 1), (1, 6, 1), (1, 1, 6)

(3, 3, 1), (3, 1, 3), (1, 3, 3)

(0, 2) ð6̄; 1; 1Þ; ð1; 6̄; 1Þ; ð1; 1; 6̄Þ
ð3̄; 3̄; 1Þ; ð3̄; 1; 3̄Þ; ð1; 3̄; 3̄Þ
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Leff
S ⊃

1

Λ2

X
i;j

n
c12ðd̄LiγμdLjÞðS†j i∂μ

↔
SiÞ

þ c12
X
k;l

VilV�
jkðūLiγμuLjÞðS†ki∂μ

↔
SlÞ

þ c52ðmj
d þmi

dÞðd̄idjÞðS†jSiÞ
þ c52ðmj

d −mi
dÞðd̄iγ5djÞðS†jSiÞ

o
; ð2:15Þ

where mi
d ¼ yidv=

ffiffiffi
2

p
. Note that in the last equation both

quarks and DM fields are in the mass basis.

2. S ∼ ð1; 3; 1Þ
The leading coefficients are given by

C1
ijkl ¼ c11δijδkl þ…; ð2:16Þ

C3
ijkl ¼ c31δijδkl þ…; ð2:17Þ

C5
ijkl ¼ c51ðYdÞij þ…; ð2:18Þ

where the ellipses indicate further Yukawa matrix inser-
tions. There is no flavor violating interaction in the down
sector, thus S ∼ ð1; 3; 1Þ is not a suitable representation to
address the Belle II and NA62 excesses.

3. S ∼ ð1; 1; 3Þ
The leading coefficients are given by

C1
ijkl ¼ c11δijδkl þ…; ð2:19Þ

C3
ijkl ¼ c31δijδkl þ c32δilδjk þ…; ð2:20Þ

C5
ijkl ¼ c51ðYdÞijδkl þ c52ðYdÞilδjk þ…; ð2:21Þ

where the ellipses indicate further Yukawa matrix inser-
tions and cnm are taken to be real. The flavor violating
interactions arise only fromO3

ijkl andO
5
ijkl, which are in the

form

Leff
S ≃

1

Λ2

X
i;j

n
c32ðd̄Li

γμdLj
ÞðS†j i∂μ

↔
SiÞ

þ c52ðmi
d þmj

dÞðd̄idjÞðS†jSiÞ
þ c52ðmi

d −mj
dÞðd̄iγ5djÞðS†jSiÞ

o
; ð2:22Þ

where we take the unitary gauge and the quark mass basis.
Note that the di → dj operators of this Lagrangian are
identical to those of Eq. (2.15) with c12 → c32.

B. Fermion DM

Next, we focus on the case of fermion DM ψ . The
effective Lagrangian consists of a set of higher dimensional
operators,

Leff
F ¼

X
I

1

Λd−4 C
I
ijklO

I
ijkl; ð2:23Þ

where d denotes the dimension of the operator OI
ijkl. The

dimension-6 operators for fermion DM are given by

O1V
ijkl ¼ ðq̄LiγμqLjÞðψ̄kγμψ lÞ;

O1A
ijkl ¼ ðq̄LiγμqLjÞðψ̄kγμγ5ψ lÞ; ð2:24Þ

O2V
ijkl ¼ ðūRiγμuRjÞðψ̄kγμψ lÞ;

O2A
ijkl ¼ ðūRiγμuRjÞðψ̄kγμγ5ψ lÞ; ð2:25Þ

O3V
ijkl ¼ ðd̄RiγμdRjÞðψ̄kγμψ lÞ;

O3A
ijkl ¼ ðd̄RiγμdRjÞðψ̄kγμγ5ψ lÞ: ð2:26Þ

The scalar-scalar operators are now dimension-7, and are
given by

O4S
ijkl ¼ ðq̄LiH̃uRjÞðψ̄kψ lÞ;

O4S
ijkl ¼ ðūRiH̃†qLjÞðψ̄kψ lÞ ¼ ½O4S

jilk�†; ð2:27Þ

O4P
ijkl ¼ ðq̄LiH̃uRjÞðψ̄kiγ5ψ lÞ;

O4P
ijkl ¼ ðūRiH̃†qLjÞðψ̄kiγ5ψ lÞ ¼ ½O4P

jilk�†; ð2:28Þ

O5S
ijkl ¼ ðq̄LiHdRjÞðψ̄kψ lÞ;

O5S
ijkl ¼ ðd̄RiH†qLjÞðψ̄kψ lÞ ¼ ½O5S

jilk�†; ð2:29Þ

O5P
ijkl ¼ ðq̄LiHdRjÞðψ̄kiγ5ψ lÞ;

O5P
ijkl ¼ ðd̄RiH†qLjÞðψ̄kiγ5ψ lÞ ¼ ½O5P

jilk�†: ð2:30Þ

For simplicity, we neglect tensor operators. Hermiticity
requires that

C1V
ijkl ¼ ½C1V

jilk��; C1A
ijkl ¼ ½C1A

jilk��;
C2V
ijkl ¼ ½C2V

jilk��; C2A
ijkl ¼ ½C2A

jilk��;
C3V
ijkl ¼ ½C3V

jilk��; C3A
ijkl ¼ ½C3A

jilk��;
C4S
ijkl ¼ ½C ¯4S

jilk��; C4P
ijkl ¼ ½C ¯4P

jilk��;
C5S
ijkl ¼ ½C ¯5S

jilk��; C5P
ijkl ¼ ½C ¯5P

jilk��: ð2:31Þ

Of these operators, O1V;1A
ijkl , O3V;3A

ijkl , and O5S;5P
ijkl provide

flavor violating interactions to the down quarks at the tree
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level, so that hereafter we only consider these three operators.

1. ψ ∼ ð3; 1; 1Þ
The leading coefficients are given by

C1V;1A
ijkl ¼ c1V;1A1 δijδkl þ c1V;1A2 δilδjk þ…; ð2:32Þ

C3V;3A
ijkl ¼ c3V;3A1 δijδkl þ…; ð2:33Þ

C5S;5P
ijkl ¼ c5S;5P1 ðYdÞijδkl þ c5S;5P2 ðYdÞkjδil þ…; ð2:34Þ

where the ellipses indicate further Yukawa matrix insertions and cnm are taken to be real.
Again, we take ðYdÞij ¼ yiuδij and Yu ¼ V†Ŷu without loss of generality. In the unitary gauge hHi ¼ ð0; v= ffiffiffi

2
p ÞT and in

the quark mass basis (uL → V†uL), we find

Leff
F ⊃

1

Λ2

X
i;j

�
c1V2 ðd̄LiγμdLjÞðψ̄ jγμψ iÞ þ c1V2

X
k;l

VilV�
jkðūLiγμuLjÞðψ̄kγμψ lÞ

þ c1A2 ðd̄LiγμdLjÞðψ̄ jγμγ5ψ iÞ þ c1A2
X
k;l

VilV�
jkðūLiγμuLjÞðψ̄kγμγ5ψ lÞ

�

þ 1

Λ3

X
i;j

�
c5S2 ðmj

d þmi
dÞðd̄idjÞðψ̄ jψ iÞ þ c5S2 ðmj

d −mi
dÞðd̄iγ5djÞðψ̄ jψ iÞ;

þ c5P2 ðmj
d þmi

dÞðd̄idjÞðψ̄ jiγ5ψ iÞ þ c5P2 ðmj
d −mi

dÞðd̄iγ5djÞðψ̄ jiγ5ψ iÞ
�
; ð2:35Þ

where mi
d ¼ yidv=

ffiffiffi
2

p
. Note that in the last equation both

quarks and DM fields are in the mass basis.

2. ψ ∼ ð1; 3; 1Þ
The leading coefficients are given by

C1V;1A
ijkl ¼ c1V;1A1 δijδkl þ…; ð2:36Þ

C3V;3A
ijkl ¼ c3V;3A1 δijδkl þ…; ð2:37Þ

C5S;5P
ijkl ¼ c5S;5P1 ðYdÞij þ…; ð2:38Þ

where the ellipses indicate further Yukawa matrix inser-
tions. No flavor violating interaction in the down sector
exists, and therefore ψ ∼ ð1; 3; 1Þ is not a suitable repre-
sentation to address the Belle II and NA62 excesses.

3. ψ ∼ ð1; 1; 3Þ
The leading coefficients are given by

C1V;1A
ijkl ¼ c1V;1A1 δijδkl þ…; ð2:39Þ

C3
ijkl ¼ c3V;3A1 δijδkl þ c3V;3A2 δilδjk þ…; ð2:40Þ

C5S;5P
ijkl ¼ c5S;5P1 ðYdÞijδkl þ c52ðYdÞilδjk þ…; ð2:41Þ

where the ellipses indicate further Yukawa matrix inser-
tions and cnm are taken to be real. The flavor violating
interactions arise only fromO3V;3A

ijkl andO5S;5P
ijkl , which are of

the form

Leff
F ≃

1

Λ2

X
i;j

n
c3V2 ðd̄Li

γμdLj
Þðψ̄ jγμψ iÞ

þ c3A2 ðd̄Li
γμγ5dLj

Þðψ̄ jγμψ iÞ
o

þ 1

Λ3

X
i;j

n
c5S2 ðmi

d þmj
dÞðd̄idjÞðψ̄ jψ iÞ

þ c5P2 ðmi
d þmj

dÞðd̄idjÞðψ̄ jiγ5ψ iÞ
þ c5S2 ðmi

d −mj
dÞðd̄iγ5djÞðψ̄ jψ iÞ

þ c5P2 ðmi
d −mj

dÞðd̄iγ5djÞðψ̄ jiγ5ψ iÞ
o
; ð2:42Þ

where we take the unitary gauge and the quark mass basis.
Note that the di → dj operators of this Lagrangian are
identical to those of Eq. (2.35) with c1V;1A2 → c3V;3A2 .
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III. EXPERIMENTAL SEARCHES FOR di → dj + =E

The framework of MFV DM leads to a prediction of a
missing energy signature in FCNC rare meson decays with
flavor correlations given by the MFV structure.
Recently, interesting excess of events has been observed

both in Bþ → Kþνν̄ at Belle II [3] and in Kþ → πþνν̄ at
NA62 [1].
The Belle II excess over the SM prediction [65,66] has a

statistical significance of 2.7σ [3] and has triggered
extensive phenomenological investigations [4–54,67–71].
In particular, Ref. [35] considers a scenario where the
excess is due to the emission of single dark state coupled to
the SM fields using an EFT description.
The most recent NA62 measurement of the Kþ → πþνν̄

decay [1] uses data from 2016–2022 observing 51 candi-
date events and a total background of 18þ3

−2 , representing
the first observation of the decay at a significance in
excess of 5σ. The branching ratio is measured to be
BðKþ → πþνν̄Þ ¼ ð13.0þ3.3

−3.0Þ × 10−11, this can be com-
pared to SM predictions of around 8 × 10−11 with a
precision of better than 10% [72–74]. Therefore, the central
value is around 50% larger than expected, although the
current experimental uncertainty is such that this corre-
sponds to an excess with significance of around 1.7σ.
The main channels of rare meson decays for each di →

dj transition are shown in Table II.

A. NA62

The small branching fraction of theKþ → πþνν̄ decay in
the SM [72–74], which predicts that this process occurs
fewer than once in ten billion Kþ decays, is dominated by
short-distance contributions, and the necessary hadronic
matrix element can be extracted from data using isospin.
The decay is thus both uniquely rare and uniquely
theoretically clean.
The NA62 experiment at CERN [1] uses a decay-in-

flight technique and defines two signal regions as

m2
miss∈

(
½0;0.01� GeV2 for Signal Region1 ðSR1Þ;
½0.026;0.068�GeV2 for Signal Region2 ðSR2Þ;

ð3:1Þ

where m2
miss ¼ ðPK − PπÞ2 ≡ q2 and PK and Pπ are the 4-

momenta of the kaon and pion, respectively. The number of
excepted events can be expressed as

dNsignal

dq2
¼ SES−1ðq2Þ × dB

dq2
; ð3:2Þ

where SES is the single event sensitivity, which contains all
of the experimental details of the signal sensitivity.
Despite the small branching fraction of the Kþ → πþνν̄

decay mode [72–74], NA62 has provided experimental
evidence of this decay, with significance in excess of 5σ,
and obtained a central value slightly larger than the SM
prediction. In addition, the same 2016–2022 dataset has
been interpreted in terms of a search for Kþ → πþX, where
X is a new unobserved state. In this context, NA62
published the SES as a function of mX ¼ mmiss, see the
right panel of Fig. 1 in Ref. [80]. This can also be used,
together with Eq. (3.2), to consider other BSM scenarios
with q2 dependence. Below, we will consider the case of
MFV DM.

B. KOTO

The primary objective of the KOTO experiment at J-
PARC is to search for the KL → π0νν̄ decay. Its branching
ratio is predicted to be around 3 × 10−11 in the SM [72–74].
This rarity, and the lack of charged tracks, makes this a
formidable experimental challenge.
The KOTO experiment defines a signal region that

covers the range m2
miss ∈ ½0; 0.065� GeV2. The number of

expected events is given as in Eq. (3.2). The SES of the
KOTO KL → π0νν̄ analysis of the 2021 dataset is reported
in [2]. Zero events were observed in the signal region and
upper limits were established at BðKL → π0νν̄Þ < 2.2 ×
10−9 at 90% confidence level, as well as on BðKL → π0XÞ
for a set of mass hypotheses mX, where X is a hypothetical
neutral state. Since no events were observed and the
background is small, the SES as a function of q2 is inferred
by multiplying the 90% confidence level BðKL → π0XÞ
limits by a factor of 2.3.

C. Belle II

Belle II recently reported a measurement of Bþ → Kþνν̄
[3] with central value notably above the SM prediction
[65,66,81,82]. For the Bþ → Kþνν̄ analysis both the well-
established hadronic tagging analysis (HTA) and the more
recently developed inclusive tagging analysis (ITA)
[3,83,84] techniques were used, exploiting two almost
independent datasets.

TABLE II. List of FCNC rare mesons with missing energy
experiments for each flavor transition.

Flavor transition Meson decay Experiment

b → s Bþ → Kþ þ =E Belle II [3], BABAR [75]
B0 → K0 þ =E BABAR [75]
Bþ → K�þ þ =E BABAR [75]
B0 → K�0 þ =E BABAR [75]

b → d Bþ → πþ þ =E Belle [76]
B0 → π0 þ =E Belle [76]
Bþ → ρþ þ =E Belle [76]
B0 → ρ0 þ =E Belle [76]

s → d Kþ → πþ þ =E NA62 [1,77–79]
KL → π0 þ =E KOTO [2]
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In the HTA, the complete decay chain of the tag-side B
meson is reconstructed, which enables a direct determi-
nation of the di-neutrino invariant mass q2. On the other
hand the ITA, while it benefits from substantially larger
statistics and therefore drives the overall sensitivity, does
not allow for a direct reconstruction of q2. Instead, the
analysis relies on a proxy observable q2rec, defined as [3]

q2rec ≡ s
4
þm2

K −
ffiffiffi
s

p
E�
K ¼ q2 þ E�2

B −m2
B − 2p⃗�

B · p⃗�
Kðq2Þ

¼ q2 þ E�2
B −m2

B − 2jp⃗�
Bjγ��ðβ��E��

K ðq2Þ
þ jp⃗��

K ðq2Þj cos θ��Þ; ð3:3Þ

where1 jp⃗�
Kj ¼ λ1=2ðm2

B;m
2
K; q

2Þ=ð2mBÞ and β�� ¼
jp⃗�

Bj=E�
B ¼ 0.06234 denotes the boost parameter relating

the B-meson rest frame to the BB̄ rest frame. Quantities
marked with a single (double) star are evaluated in the BB̄
(B) rest frame. Finally, θ�� is the polar angle of the kaon
momentum in the B-meson rest frame with respect to the B-
meson momentum in the BB̄ rest frame, and is the only
unmeasured variable entering Eq. (3.3).
For fixed q2, the distribution of q2rec follows from

Eq. (3.3) by assuming a uniform distribution of
c�� ≡ cos θ�� ∈ ½−1; 1�. We neglect the sub-percent-level
uncertainties associated with the finite resolution on the
energies and momenta appearing in Eq. (3.3) [85], as their
impact is subleading for the present analysis.
Accordingly, in the ITA the physical branching ratios are

related to the observed event yields as [50]

dNX

dq2rec
¼ NB

Z
dq2

Z
dc��

1

2
δðq2rec − q2recðq2; c��ÞÞ

× ϵITAðq2Þ
dBX

dq2

≡ NB

Z
dq2 fq2recðq2ÞϵITAðq2Þ

dBX

dq2
; ð3:4Þ

where NB ¼ 387ð6Þ × 106 [3] denotes the number of B-
meson candidates from decay channel X, B is the corre-
sponding branching ratio, and ϵITAðq2Þ is the ITA selection
efficiency as a function of q2, taken from Ref. [3]. The
function q2recðq2; c��Þ is given by Eq. (3.3). The final
expression introduces the smearing function fq2rec com-
monly used in the literature [32,35,38].
Within the HTA analysis Belle II reconstructs q2 directly

on an event-by-event basis. Therefore, the relation between
the physical branching ratios and the observed yields
therefore takes the simpler form

dNX

dq2
¼ NB ϵHTAðq2Þ

dBX

dq2
; ð3:5Þ

where ϵHTAðq2Þ denotes the HTA selection efficiency as a
function of q2, also provided in Ref. [3].

D. Belle

Belle Collaboration obtained upper limits at 90% con-
fidence level (CL) on b → dνν̄ decays [86], which remain
the most stringent reported to date. Collectively,

BðBþ → ρþνν̄Þ < 3.0 × 10−5; ð3:6Þ

BðBþ → πþνν̄Þ < 1.5 × 10−5; ð3:7Þ

BðB0 → ρ0νν̄Þ < 4.0 × 10−5; ð3:8Þ

BðB0 → π0νν̄Þ < 9.0 × 10−4: ð3:9Þ

In this case, the full event kinematics is not reconstructed,
and thus the q2 dependence is not available. Therefore, we
use these global upper limits to constrain our models.
Future investigations of these decay modes may be possible
at Belle II.

E. BABAR

BABAR searched for B → Kð�Þνν̄ decays [75] using a
sample of 5 × 108 BB̄ pairs from ϒð4sÞ → BB̄ decays at
the PEP-II facility, SLAC. In each event a hadronic decay
of one of the BB̄ pair is fully reconstructed and the B →
Kð�Þνν̄ search is performed in the remainder of the event,
which is required to have missing energy, and therefore
reconstructed q2 > 0. Four channels were constrained, with
upper limits on branching ratios established at 90% con-
fidence level of [75]

BðBþ → Kþνν̄Þ < 1.6 × 10−5; ð3:10Þ

BðB0 → K�0νν̄Þ < 4.9 × 10−4; ð3:11Þ

BðBþ → K�þνν̄Þ < 6.4 × 10−5; ð3:12Þ

BðB0 → K�0νν̄Þ < 1.2 × 10−4: ð3:13Þ

IV. RESULTS

In this section we present the results of our analysis. In
each case, we evaluate the improvement of our model’s
description compared to the SM. To do so, we construct a
likelihood LBSMðθ; cÞ as described in Appendix A, where θ
and c are the set of nuisance parameters and BSM
couplings, respectively. The SM likelihood is obtained
by setting c ¼ 0, i.e., LSMðθÞ ¼ LBSMðθ; c ¼ 0Þ. The
improvement is then measured by the test statistic1λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2zx.

DARK MATTER EMISSION AT BELLE II AND NA62 IN THE … PHYS. REV. D 113, 095014 (2026)

095014-7



Δ≡ −2 ln
L̂BSM

L̂SM

; ð4:1Þ

where a hat indicates the value of a likelihood at the best-fit
point of the data. Negative values of Δ indicate that the
BSM hypothesis provides a better fit to the data than
the SM.2

A. Scalar DM

We first focus on the case of scalar DM transforming as
S ∼ ð3; 1; 1Þ. The set of flavor-violating couplings for this
case is given by c12 and c

5
2 from Eqs. (2.12)–(2.14). We will

study the improvement Δ of this model compared to the
SM case with one flavor-violating coupling turned on at
a time.

The DM modes of the meson decays are calculated
from the Lagrangian Eq. (2.15) with the formulae pro-
vided in Appendix B and the form factors taken as in
Appendix C.
Our findings are shown in Fig. 1. In the upper panels, we

show the values of the improvement Δ (left) and the best-fit
values of the BSM coefficient (right) for values of the DM
mass within the mass range 0–125 MeV covered by the
NA62 and KOTO studies of K → πνν̄ decays. Within this
range, the model explains the NA62 excess, with this
scenario favored by up to approximately 3σ at low masses.
However, a description of the Belle II excess is found to
require larger coupling values which are constrained by the
NA62 measurements. This means the Belle II result is not
simultaneously explained satisfactorily by a scalar DM
particle of such a low mass. When the DM mass is large
enough, ≳150 MeV, to avoid the constraint from NA62
and KOTO studies ofK → πνν decays, we get the results in
the lower panels for the values of the improvement Δ (left)
and the best-fit values of the BSM coefficient (right). In this
scenario, driven by experimental results from the
Belle II excess, this BSM scenario provides an improved
description over the SM, favored by up to 2 − 3σ at
mS ∼ 0.5 GeV.

FIG. 1. Results for the case of scalar DM S ∼ ð3; 1; 1Þ. Left: test statistic as a function of the scalar mass, mS. Right: best-fit value of
new physics parameter, Λ, as a function of the scalar mass.

2When the usual regularity conditions are satisfied, −Δ ¼
χ2BSM − χ2SM is asymptotically distributed as a chi-square variable
with a number of degrees of freedom equal to the number of
additional parameters introduced by the BSM hypothesis: so that,
for instance, for a single added BSM parameter −Δ ¼ 1
corresponds roughly to a 1σ preference, −Δ ¼ 4 to 2σ, −Δ ¼
9 to 3σ, and so on.

MESCIA, OKAWA, SWALLOW, and TONI PHYS. REV. D 113, 095014 (2026)

095014-8



The results for the S ∼ ð1; 1; 3Þ case are qualitatively the
same to this case and so are not shown here explicitly.
In conclusion, we find that a simultaneous description of

the data, which is driven by the potential excesses from
NA62 and Belle II, is not readily provided by this MFV
scenario with a scalar DM candidate. To provide such an
improved simultaneous description would require a hier-
archical coupling structure beyond the MFV.

B. Fermion DM

We now consider the case of fermion DM transforming
as ψ ∼ ð3; 1; 1Þ. The set of flavor-violating couplings
for this case is given by c1V2 , c1A2 , c5S2 , and c5P2 from
Eqs. (2.32)–(2.34). We will study the improvement Δ of
this model compared to the SM case with one flavor-
violating coupling turned on at a time.
The DM modes of the meson decays are calculated from

the Lagrangian Eq. (2.35) with the formulae provided in
Appendix B and the form factors taken as in Appendix C.
Our results are displayed in Fig. 2. In the upper panels,

we show the values of the improvement Δ (left) and the
best-fit values of the BSM coefficient (right) for values of
the DM mass range 0–125 MeV covered by the NA62 and
KOTO studies of K → πνν̄ decays. We observe the same

behavior as in the scalar DM case: the NA62 excess can be
accommodated within this low mass range (with our model
improving over the BSM description by up to 3σ), but the
Belle II excess requires larger coupling values which are
constrained by the NA62 measurements. When the DM
mass is large enough to avoid the constraint from NA62 and
KOTO, and thus the excess at NA62 is left unexplained, we
get the results in the lower panels for the values of the
improvement Δ (left) and the best-fit values of the BSM
coefficient (right). Here our MFV model with a DM
fermion provides a description favored by ∼2–3σ (at mψ ∼
0.5 GeV over that provided by the SM).
We find results for the ψ ∼ ð1; 1; 3Þ case are qualitatively

the same, and therefore details are not presented explicitly.
Therefore, the qualitative conclusions are therefore the

same as in Sec. (IVA): while improved descriptions can be
found individually for potential K → πνν̄ and B → Kνν̄
excesses, a satisfactory simultaneous description has not
been found in this framework.

V. CONCLUSIONS

Current rare-decay programs, in particular at NA62 and
Belle II, provide an exceptional window into missing-

FIG. 2. Results for the case of fermion DM ψ ∼ ð3; 1; 1Þ. Left: test statistic as a function of the fermion mass, mψ . Right: best-fit value
of new physics parameter, Λ, as a function of the fermion mass.
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energy signatures potentially linked to dark matter emis-
sion. Within this context, we have investigated flavored
dark matter in the MFV framework, focusing on the
processes di → dj þ =E. The MFV hypothesis offers a
theoretically robust and predictive structure for incorpo-
rating new sources of flavor violation and naturally
stabilizes the lightest component of a new flavored multi-
plet, making it an appealing setting for dark matter model
building.
Our results show that the MFV setup can account for the

observed excesses in either Kþ → πþνν̄ or Bþ → Kþνν̄
individually, providing descriptions that are favored with
respect to the SM by ∼3σ. However, a satisfactory
simultaneous explanation of both channels cannot be
achieved within a minimal construction containing only
a single dark matter multiplet with degenerate components.
Reconciling both excesses may require either introducing
an additional multiplet with a different mass for each flavor,
or generating sizeable mass splittings within a single
multiplet. While such extensions remain fully consistent
with MFV, they move away from strict minimality and may
appear less economical from a theoretical point of view.
Therefore, we do not pursue these nonminimal possibilities
further in this work.
Despite these structural limitations, our findings high-

light the rich interplay between flavored dark matter, MFV-
based model building, and precision flavor experiments.
They demonstrate that flavored dark matter remains a
compelling and testable paradigm, capable of addressing
both collider-scale anomalies and the cosmological dark
matter abundance.
Our analysis relies on a likelihood model built from

available experimental data on di → dj þ =E channels,
revisiting old datasets and incorporating the latest results
to provide a comprehensive and up-to-date phenomeno-
logical assessment of the MFV DM scenario.
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APPENDIX A: LIKELIHOOD FUNCTION

In this section we present the details of the likelihood
constructed for the analysis of this work. The total like-
lihood is given by the product of the likelihood of each
experimental measurement times a likelihood term for the
SM prediction of the di-neutrino modes, i.e.,

L ¼ LBelle II LBABAR LBelleLNA62 LKOTO Lνν̄: ðA1Þ

Each term is presented and explained below.

1. Belle II

We construct the likelihood term for the Belle II
measurement based on the public data of Fig. 17 (ITA)
and Fig. 20 (HTA) from Ref. [3], similarly to Ref. [50]. The
likelihood function is constructed as the product of two
contributions, i.e.,

LBelle II ¼ Lð1Þ
Belle IIL

ð2Þ
Belle II: ðA2Þ

The first and main term in the likelihood function
represents a Poisson distribution P for each bin, labeled
by an index i. Assuming the bins to be uncorrelated, we get

Lð1Þ
Belle II ¼

Ynbin
i

Pðniobs; λiÞ: ðA3Þ

Here niobs is the number of observed events in bin i, defined
by q2 ∈ ½q2i ; q2iþ1Þ, and λi is the corresponding expected
number of events

λi ¼ niDM þ niνν̄ þ ð1þ σbkgθÞnibkg: ðA4Þ

This expression applies to either the ITA or HTA dataset,
where niDM, n

i
νν̄, and n

i
bkg are the yields in the ith bin for the

signal, the Bþ → Kþνν̄ decay, and the background, respec-
tively. Within the two methods, the first two components on
the right hand side of Eq. (A4) are defined as

niX;ITA¼NB

Z
ith bin

dq2rec

Z
dq2 fq2recðq2ÞϵITAðq2Þ

dBX

dq2
; ðA5Þ
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niX;HTA ¼ NB

Z
ith bin

dq2 ϵHTAðq2Þ
dBX

dq2
: ðA6Þ

In order to get an estimate of the uncertainty on the total
background normalization for ITA and HTA, we identify
from Figs. 17 and 20 of Ref. [3]

pull ¼ jnidat − nihstjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσidatÞ2 þ ðσihstÞ2

p ; ðA7Þ

where the subscripts “dat” and “hst” denote respectively the
data and the value of the stacked histograms, and σidat the
uncertainty in the data point. By inverting the pull dis-
tribution, we get σbkgITA ≈ 1% and σbkgHTA ≈ 13%. Thus, we
introduced two nuisance parameters, i.e., θITA and θHTA,
both constrained by a normal Gaussian distribution in the
likelihood as

Lð2Þ
Belle II ¼

1ffiffiffiffiffiffi
2π

p e−θ
2
ITA=2 ×

1ffiffiffiffiffiffi
2π

p e−θ
2
HTA=2: ðA8Þ

Ref. [50] has shown that this procedure applied to the
Bþ → Kþνν̄ analysis produces results in good agreement
with those of Belle II.

2. BABAR

We construct the likelihood term for the BABAR meas-
urement based on the public data of Fig. 5 from Ref. [75].
The likelihood function is constructed as the product of two
contributions for each of the four b → s decay channels
listed in Table II, i.e.,

LBABAR ¼
Y
k

Lð1Þ
BABAR;kL

ð2Þ
BABAR;k; ðA9Þ

where the index k labels the decay channels.
Similarly to the previous case, the first and main term in

the likelihood function represents a Poisson distribution P
for each bin, labeled again by an index i. Assuming the bins
to be uncorrelated, we get

Lð1Þ
BABAR;k ¼

Ynbin
i

Pðniobs; λiÞ; ðA10Þ

where, as before, niobs is the number of observed events in
bin i, defined by q2 ∈ ½q2i ; q2iþ1Þ, and λi is the corresponding
expected number of events

λi ¼ ð1þ σeffθeffÞðniDM þ niνν̄Þ þ ð1þ σbkgθbkgÞnibkg;
ðA11Þ

with this expression applying to either of the four dataset
and niDM, n

i
νν̄, and n

i
bkg being the yields in the ith bin for the

signal, the neutrino decay, and the background, respec-
tively. For each dataset, the first two components of the
latter are defined as

niX ¼ NB

Z
ith bin

dq2 εðq2Þ dBX

dq2
: ðA12Þ

Here the efficiency εðq2Þ is obtained by interpolating from
values presented in Fig. 6 of Ref. [75].
In order to get an estimate of the uncertainty on the total

background and efficiency normalization for each dataset,
we consider the relative uncertainty on the total numbers of
background events and signal efficiencies in the first three
bins in Table 5 of Ref. [75]. Assuming that these relative
uncertainties are constant over the bins, we set σeff and σbkg

as in Table III and we introduce two nuisance parameters,
i.e., θeff and θbkg, both constrained by a normal Gaussian
distribution in the likelihood as

Lð2Þ
BABAR;k ¼

1ffiffiffiffiffiffi
2π

p e−θ
2
eff;k=2 ×

1ffiffiffiffiffiffi
2π

p e−θ
2
bkg;k=2 ðA13Þ

for each dataset.

3. Belle

In the case of Belle search, we have no access to the
kinematic distribution of the events and, additionally, their
measurements only put upper limits on the decay rates.
Therefore we construct a likelihood term that constrains
only the total branching ratio (BR) of the DM signal such as

Lð2Þ
Belle ∝

Y
k

exp

�
−
1

2

�
BDM

σBDM

�
2
�

ðA14Þ

where k labels the decay modes and we estimate

σBDM
≈

Bexp − Bνν̄ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2ð90%; 1dofÞ

p ; ðA15Þ

with Bexp the experimental limit in Eqs. (3.6)–(3.9), Bνν̄

the SM prediction of the di-neutrino channel, and
χ2ð90%; 1dofÞ the value of a chi-squared variable at
90% CL with 1 degree of freedom. The numerator
quantifies the constraint on possible additional BSM

TABLE III. Estimates of the uncertainty on the total back-
ground and efficiency normalization for each dataset of BABAR.

Dataset σeff σbkg

Bþ → Kþ þ =E 0.07 0.21
B0 → K0 þ =E 0.11 0.22
Bþ → K�þ þ =E 0.10 0.17
B0 → K�0 þ =E 0.20 0.14
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contributions, while the denominator accounts for rescaling
to a 68% confidence interval, such that Eq. (A14) is a
Gaussian constraint term.
From Ref. [87], the SM predictions of the neutrino decay

modes are

BðBþ → πþνν̄Þ ¼ 1.2 × 10−7; ðA16Þ

BðB0 → π0νν̄Þ ¼ 5.6 × 10−8; ðA17Þ

BðBþ → ρþνν̄Þ ¼ 4.9 × 10−7; ðA18Þ

BðB0 → ρ0νν̄Þ ¼ 2.3 × 10−7: ðA19Þ

4. NA62

To construct the likelihood for NA62, we follow a
variation of the procedure of Ref. [88] similarly to
Ref. [89]. We perform a fully frequentist hypothesis test
using a shape analysis on the invisible invariant mass, and
an unbinned profile likelihood ratio test statistic, based
solely on public data. The likelihood function is con-
structed as the product of three contributions, i.e.,

LNA62 ¼ Lð1Þ
NA62 L

ð2Þ
NA62 L

ð3Þ
NA62: ðA20Þ

The first term is a Poisson distribution for the total
number of events ntot with mean value equal to the total
number of observed events, which reads

Lð1Þ
NA62 ¼ Pðnobs; ntotÞ: ðA21Þ

As reported in Ref. [1], NA62 observed a total number
of events equal to nobs ¼ 51 in the full 2016–2022
dataset. The variable ntot can be decomposed as
ntot ¼ nb þ nνν̄ þ nDM, which are the number of back-
ground, neutrino, and DM events, respectively. The num-
bers of events nνν̄ and nDM are obtained from the BR by
integrating Eq. (3.2) over the signal region.
Given ntot, its components are distributed as a function of

the invisible invariant mass squared m2
inv according to a

multinomial likelihood, yielding Lð2Þ
NA62 as

Lð2Þ
NA62 ¼

Ynobs
j¼1

�
nb
ntot

gbðm2
jÞ þ

nνν̄
ntot

gνν̄ðm2
jÞ þ

nDM
ntot

gDMðm2
jÞ
�
;

ðA22Þ

where gbðm2
invÞ is a function reproducing the distribution of

the background events, and normalized to unit integral over
the signal regions. We took this function from published
data, i.e., from the right panel of Fig. 10 in Ref. [1].
Conversely, gνν̄;DMðm2

invÞ is the BR shape normalized to
unit integral over the signal regions. Finally, the last

likelihood factor is a Poisson-distributed constraint term
for the number of background events

Lð3Þ
NA62 ¼

ðτnbÞnoff
noff!

e−τnb ; ðA23Þ

with τ ¼ μb=σ2b and noff ¼ ðμb=σbÞ2 [90] obtained from the
estimated mean value μb and uncertainty σb of the number
of background events. From Ref. [1] we take μb ¼ 18.0 and
σb ¼ 2.5, with the latter obtained by averaging over the
asymmetric uncertainty.

5. KOTO

The likelihood for the KOTO measurement is con-
structed similarly to the one for NA62. In this case,
according to Ref. [2], we set nobs ¼ 0, μb ¼ 0.252, and
σb ¼ 0.08, where the latter is obtained by averaging over
the asymmetric statistical uncertainty and then adding in
quadrature the statistical and systematic uncertainties.

6. SM prediction of neutrino modes

The general theoretical expressions of the rare meson
decay rates with neutrino or DM emission can be found in
Appendix B. These expressions depend on form factors
which are introduced to parametrize the hadronic matrix
elements of operators involving quark fields; see formulae
in Appendix C. We will take the needed form factors from
the most recent extrapolation based on lattice or exper-
imental data available in literature; see Appendix C for
details. In this work wewill neglect the uncertainties related
to the form factors of the decay rates. In practical terms this
means that uncertainties on the expected shape of the q2

distribution are neglected.
In contrast, we introduce a likelihood term to take into

account the uncertainties on the SM prediction of the total
BRs for the B → Kð�Þνν̄ and K → πνν̄, which are taken
from literature as reported in Table IV. We hence define a
nuisance parameter for each of them as

TABLE IV. SM predictions for the B → Kð�Þνν̄ (without long
distance contribution) and K → πνν̄’s BRs.

Bi μBi
� σBi

Ref.

BðBþ → Kþνν̄Þ ð4.4�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.142 þ 0.272

p
Þ × 10−6 [66]

BðB0 → K0νν̄Þ ð2.05�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.072 þ 0.122

p
Þ × 10−6 [66]

BðBþ → K�þνν̄Þ ð9.79�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.302 þ 0.602

p
Þ × 10−6 [66]

BðB0 → K�0νν̄Þ ð9.05�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.252 þ 0.552

p
Þ × 10−6 [66]

BðKþ → πþνν̄Þ ð8.4� 1.0Þ × 10−11 [81]

BðKL → π0νν̄Þ ð3.4� 0.6Þ × 10−11 [81]
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θBi
≡ Bi − μBi

σBi

; ðA24Þ

where μBi
and σBi

are the central value and the uncertainty
of the BR Bi. Finally, we introduce a normal Gaussian
distribution in the likelihood for each of them as

Lνν̄ ¼
Y
Bi

1ffiffiffiffiffiffi
2π

p e−θ
2
Bi
=2: ðA25Þ

We do not introduce instead any additional term for the
B → πνν̄ and B → ρνν̄’s BRs as they are poorly
constrained.

On a practical level, we found that the uncertainty on the
SM predictions of the neutrino modes has negligible impact
on our numerical results.

APPENDIX B: DECAY RATES

In this appendix we report the theoretical formulae for
the rate of FCNC rare meson decay with DM pair emission
for the scalar and fermion case.

1. dj → diSS†

In the LEFT, the full set of operators up to dimension six
is given by

LLEFT ⊃ gijklVV ðd̄iγμdjÞðS†ki∂μ
↔
SlÞ þ gijklAV ðd̄iγμγ5djÞðS†ki∂μ

↔
SlÞ

þ gijklSS ðd̄idjÞðS†kSlÞ þ gijklPS ðd̄iγ5djÞðS†kSlÞ: ðB1Þ

From those operators, assuming degenerate DM masses, the meson decay rates are given by [35]

dΓðPðdjÞ → P̃ðdiÞSkS†l Þ
dq2

¼ pP̃

96π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
S

q2

s "
3

4
jgijklSS j2 ðm2

P −m2
P̃
Þ2

m2
Pðmi −mjÞ2

f20ðq2Þ þ jgijklVV j2p2
P̃

�
1 −

4m2
S

q2

�
f2þðq2Þ

#
;

dΓðPðdjÞ → VðdiÞSS†Þ
dq2

¼ pV

96π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
S

q2

s "
3jgijklPS j2

p2
V

ðmqi þmqjÞ2
A2
0ðq2Þ þ 2jgijklVV j2ðq2 − 4m2

SÞ
p2
V

ðmP þmVÞ2
V2ðq2Þ

þ jgijklAV j2ðq2 − 4m2
SÞ
�ðmP þmVÞ2

2m2
P

A2
1ðq2Þ þ

16m2
V

q2
A2
12ðq2Þ

�#
; ðB2Þ

where PðP̃Þ and V denote respectively pseudoscalar and vector mesons.
For the decay of KL → π0, one must substitute

gijklSS →
ffiffiffi
2

p
Reðg12klSS Þ; gijklVV →

ffiffiffi
2

p
Imðg12klVV Þ: ðB3Þ

2. dj → diψψ̄

In the LEFT, the full set of operators up to dimension six is given by

L LEFT ⊃ fijklVV ðd̄iγμdjÞðψ̄kγ
μψ lÞ þ fijklAV ðd̄iγμγ5djÞðψ̄kγ

μγ5ψ lÞ þ fijklVA ðd̄iγμdjÞðψ̄kγ
μγ5ψ lÞ

þ fijklAA ðd̄iγμγ5djÞðψ̄kγ
μγ5ψ lÞ þ fijklSS ðd̄idjÞðψ̄kψ lÞ þ fijklPS ðd̄iγ5djÞðψ̄kψ lÞ

þ fijklSP ðd̄idjÞðψ̄kγ5ψ lÞ þ fijklPP ðd̄iγ5djÞðψ̄kγ5ψ lÞ: ðB4Þ

From those operators, assuming degenerate DM masses, the meson decay rates are given by [35]
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dΓðPðdjÞ → P̃ðdjÞψkψ̄ lÞ
dq2

¼ q2pP̃

24π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ψ

q2

s
×

8<
:
"
jfijklVV j2

�
1þ 2m2

ψ

q2

�
þ jfijklVA j2

�
1 −

4m2
ψ

q2

��
p2
P̃

q2
f2þðq2Þ

þ 3

8

ðm2
P −m2

P̃
Þ2

m2
Pðmi −mjÞ2

f20ðq2Þ
�
jfijklSS j2

�
1 −

4m2
ψ

q2

�
þ jfijklSP j2 þ 4jfijklVA j2

m2
ψðmi −mjÞ2

q4

þ 4ReðfijklVA ðfijklSP Þ�Þmψ ðmj −miÞ
q2

#9=
;;

dΓðPðdjÞ → VðdjÞψkψ̄ lÞ
dq2

¼ q2pV

24π3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
ψ

q2

s

×

8<
:2

p2
V

ðmP þmVÞ2
V2ðq2Þ

�
jfijklVV j2

�
1þ 2m2

ψ

q2

�
þ jfijklVA j2

�
1 −

4m2
ψ

q2

��

þ
�ðmP þmVÞ2

2m2
P

A2
1ðq2Þ þ

16m2
V

q2
A2
12ðq2Þ

��
jfijklAV j2

�
1þ 2m2

ψ

q2

�
þ jfijklAA j2

�
1 −

4m2
ψ

q2

��

þ 3

2

p2
V

ðmi þmjÞ2
A2
0ðq2Þ

"
jfijklPS j2

�
1 −

4m2
ψ

q2

�
þ jfijklPP j2 þ 4jfijklAA j2

m2
ψðmi þmjÞ2

q4

− 4ReðfijklAA ðfijklPP Þ�Þ
mψðmj þmiÞ

q2

#9=
;: ðB5Þ

For the decay of KL → π0, one must substitute

fijklSS →
ffiffiffi
2

p
Reðf12klSS Þ; fijklVV →

ffiffiffi
2

p
Imðf12klVV Þ;

fijklSP →
ffiffiffi
2

p
Reðf12klSP Þ; fijklVA →

ffiffiffi
2

p
Imðf12klVA Þ: ðB6Þ

APPENDIX C: FORM FACTORS

The form factors, found in Appendix B above, are defined as

hP̃ðdiÞjd̄idjjPðdjÞi ¼
m2

P −m2
P̃

mj −mi
f0ðq2Þ;

hP̃ðdiÞjd̄iγμdjjPðdjÞi ¼
�
ðpP þ pP̃Þμ − qμ

m2
P −m2

P̃

q2

�
fþðq2Þ þ qμ

m2
P −m2

P̃

q2
f0ðq2Þ;

hVðdiÞjd̄iγ5djjPðdjÞi ¼ −
2imVðϵ� · qÞ
mj þmi

A0ðq2Þ;

hVðdiÞjd̄iγμdjjPðdjÞi ¼
2εμναβϵ

�νpα
Pp

β
V

mV þmP
Vðq2Þ;

hVðdiÞjd̄iγμγ5djjPðdjÞ ¼ iϵ�ν
�
2mVqμqν

q2
ðA0ðq2Þ − A3ðq2ÞÞ þ A1ðq2ÞgμνðmP þmVÞ

− A2ðq2Þ
ðpP þ pVÞμqν
mP þmV

�
; ðC1Þ

where ϵ is the vector polarization of the vector meson and A0ð0Þ ¼ A3ð0Þ. The form factor A3ðq2Þ is given by
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A3ðq2Þ ¼
mB þmV

2mV
A1ðq2Þ −

mB −mV

2mV
A2ðq2Þ; ðC2Þ

and it is useful to introduce also

A12ðq2Þ ¼
ðmB þmVÞ2ðm2

B −m2
V − q2ÞA1ðq2Þ − λðm2

B; q
2; m2

VÞA2ðq2Þ
16mBm2

VðmB þmVÞ
: ðC3Þ

B → K
The form factors f0ðq2Þ and fþðq2Þ for the B → K

transition are taken from Ref. [91] and, up to isospin
symmetry breaking effects, which we neglect here and
therefore, are identical for the charged and neutral channels.
B → K�
The form factors A0ðq2Þ and A1ðq2Þ for the B → K�

transition are taken from Ref. [91], while A12ðq2Þ is taken
from Ref. [92], and, again, are identical for the charged and
neutral channels.
B → π
The form factors f0ðq2Þ and fþðq2Þ for the B0 → π−

transition are taken from Ref. [93]. The form factors of

the other channels are linked to these by isospin
symmetry.
B → ρ
The form factors A1ðq2Þ and A2ðq2Þ for the Bþ → ρ−

transition are taken from Ref. [87], while A0ðq2Þ is taken
from Ref. [93]. The form factors of the other channels are
linked to these by isospin symmetry.
K → π
The form factors f0ðq2Þ and fþðq2Þ for the K0 → π−

transition are taken from Ref. [94]. The form factors of
the other channels are linked to these by isospin
symmetry.

[1] E. Cortina Gil et al. (NA62 Collaboration), Observation of
the Kþ → πþνν̄ decay and measurement of its branching
ratio, J. High Energy Phys. 02 (2025) 191.

[2] J. K. Ahn et al. (KOTO Collaboration), Search for the KL →
π0νν̄ decay at the J-PARC KOTO experiment, Phys. Rev.
Lett. 134, 081802 (2025).

[3] I. Adachi et al. (Belle-II Collaboration), Evidence for Bþ →
Kþνν̄ decays, Phys. Rev. D 109, 112006 (2024).

[4] P. Athron, R. Martinez, and C. Sierra, B meson anomalies
and large Bþ → Kþνν̄ in non-universal Uð1Þ0 models, J.
High Energy Phys. 02 (2024) 121.

[5] R. Bause, H. Gisbert, and G. Hiller, Implications of an
enhanced B → Kνν̄ branching ratio, Phys. Rev. D 109,
015006 (2024).

[6] L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz,
and O. Sumensari, Understanding the first measurement of
BðB → Kνν̄Þ, Phys. Lett. B 848, 138411 (2024).

[7] T. Felkl, A. Giri, R. Mohanta, and M. A. Schmidt, When
energy goes missing: New physics in b → sνν with sterile
neutrinos, Eur. Phys. J. C 83, 1135 (2023).

[8] X.-G. He, X.-D. Ma, and G. Valencia, Revisiting models
that enhance Bþ → Kþνν̄ in light of the new Belle II
measurement, Phys. Rev. D 109, 075019 (2024).

[9] F.-Z. Chen, Q. Wen, and F. Xu, Correlating B → Kð�Þνν̄ and
flavor anomalies in SMEFT, Eur. Phys. J. C 84, 1012
(2024).

[10] B.-F. Hou, X.-Q. Li, M. Shen, Y.-D. Yang, and X.-B. Yuan,
Deciphering the Belle II data on B → Kνν̄ decay in the

(dark) SMEFT with minimal flavour violation, J. High
Energy Phys. 06 (2024) 172.

[11] D. Marzocca, M. Nardecchia, A. Stanzione, and C. Toni,
Implications of B → Kνν̄ under rank-one flavor violation
hypothesis, Eur. Phys. J. C 84, 1217 (2024).

[12] S. Rosauro-Alcaraz and L. P. S. Leal, Disentangling left and
right-handed neutrino effects in B → Kð�Þνν, Eur. Phys. J. C
84, 795 (2024).

[13] A. J. Buras, J. Harz, and M. A. Mojahed, Disentangling new
physics in K → πνν̄ and B → KðK�Þνν̄ observables, J. High
Energy Phys. 10 (2024) 087.

[14] C. S. Kim, D. Sahoo, and K. N. Vishnudath, Searching for
signatures of new physics in B → Kνν̄ to distinguish
between Dirac and Majorana neutrinos, Eur. Phys. J. C
84, 882 (2024).

[15] L. Allwicher, M. Bordone, G. Isidori, G. Piazza, and A.
Stanzione, Probing third-generation New Physics with
K → πνν̄ and B → Kð�Þνν̄, Phys. Lett. B 861, 139295
(2025).

[16] D. Bečirević, S. Fajfer, N. Košnik, and L. Pavičić, Right-
handed interactions in puzzling B-decays, Phys. Lett. B 861,
139285 (2025).

[17] J.-P. Lee, New physics effects in RðKð�ÞÞ, Bs → μþμ−, and
Bþ → Kþνν̄, arXiv:2502.06370.

[18] Z. S. Wang, H. K. Dreiner, and J. Y. Günther, The decay
B → K þ νþ ν̄ at Belle II and a massless bino in R-
parity-violating supersymmetry, Eur. Phys. J. C 85, 66
(2025).

DARK MATTER EMISSION AT BELLE II AND NA62 IN THE … PHYS. REV. D 113, 095014 (2026)

095014-15

https://doi.org/10.1007/JHEP02(2025)191
https://doi.org/10.1103/PhysRevLett.134.081802
https://doi.org/10.1103/PhysRevLett.134.081802
https://doi.org/10.1103/PhysRevD.109.112006
https://doi.org/10.1007/JHEP02(2024)121
https://doi.org/10.1007/JHEP02(2024)121
https://doi.org/10.1103/PhysRevD.109.015006
https://doi.org/10.1103/PhysRevD.109.015006
https://doi.org/10.1016/j.physletb.2023.138411
https://doi.org/10.1140/epjc/s10052-023-12326-9
https://doi.org/10.1103/PhysRevD.109.075019
https://doi.org/10.1140/epjc/s10052-024-13425-x
https://doi.org/10.1140/epjc/s10052-024-13425-x
https://doi.org/10.1007/JHEP06(2024)172
https://doi.org/10.1007/JHEP06(2024)172
https://doi.org/10.1140/epjc/s10052-024-13534-7
https://doi.org/10.1140/epjc/s10052-024-13104-x
https://doi.org/10.1140/epjc/s10052-024-13104-x
https://doi.org/10.1007/JHEP10(2024)087
https://doi.org/10.1007/JHEP10(2024)087
https://doi.org/10.1140/epjc/s10052-024-13262-y
https://doi.org/10.1140/epjc/s10052-024-13262-y
https://doi.org/10.1016/j.physletb.2025.139295
https://doi.org/10.1016/j.physletb.2025.139295
https://doi.org/10.1016/j.physletb.2025.139285
https://doi.org/10.1016/j.physletb.2025.139285
https://arXiv.org/abs/2502.06370
https://doi.org/10.1140/epjc/s10052-025-13745-6
https://doi.org/10.1140/epjc/s10052-025-13745-6


[19] C.-H. Chen and C.-W. Chiang, Flavor anomalies in lep-
toquark model with gauged Uð1ÞLμ−Lτ, Phys. Rev. D 109,
075004 (2024).

[20] C. Hati, J. Leite, N. Nath, and J. W. F. Valle, QCD axion,
color-mediated neutrino masses, and Bþ → Kþ þ Emiss
anomaly, Phys. Rev. D 111, 015038 (2025).

[21] C.-Q. Zhang, J. Sun, Z.-P. Xing, and R.-L. Zhu, Probing
Bþ → Kþ semileptonic FCNC decay with new physics
effects in the PQCD approach, Phys. Rev. D 111, 113003
(2025).

[22] C.-H. Chen, C.-W. Chiang, and L. M. G. de la Vega,
Leptoquark-mediated Dirac neutrino mass and its impact
on B → Kνν̄ and K → πνν̄ decays, J. High Energy Phys. 09
(2025) 055.

[23] A. Crivellin, S. Iguro, and T. Kitahara, Discriminating
tauphilic leptoquark explanations of the B anomalies via
K → πνν̄ and B → Kνν̄, Phys. Rev. D 112, 095016 (2025).

[24] A. J. Buras and P. Stangl, On the interplay of constraints
from Bs,D, and K meson mixing in Z0 models with
implications for b → sνν̄ transitions, Eur. Phys. J. C 85,
519 (2025).

[25] C.-H. Chen and C.-W. Chiang, Rare B and K decays in a
scotogenic model, Phys. Rev. D 110, 075036 (2024).

[26] B. Bhattacharya, A. Datta, G. Faisel, S. Khalil, and S. Roy,
Flavor violations in B-mesons within non-minimal SU(5),
arXiv:2412.16115.

[27] A. Shaw, Belle II constraints on the non-minimal universal
extra dimensional model, arXiv:2509.20027.

[28] M. Abdughani and Y. Reyimuaji, Constraining light dark
matter and mediator with Bþ → Kþνν̄ data, Phys. Rev. D
110, 055013 (2024).

[29] A. Berezhnoy and D. Melikhov, B → K�MX vs B → KMX

as a probe of a scalar-mediator dark matter scenario,
Europhys. Lett. 145, 14001 (2024).

[30] A. Datta, D. Marfatia, and L. Mukherjee, B → Kνν̄, Mini-
BooNE and muon g-2 anomalies from a dark sector, Phys.
Rev. D 109, L031701 (2024).

[31] D. McKeen, J. N. Ng, and D. Tuckler, Higgs portal
interpretation of the Belle II Bþ → Kþνν measurement,
Phys. Rev. D 109, 075006 (2024).

[32] K. Fridell, M. Ghosh, T. Okui, and K. Tobioka, Decoding
the B → Kνν excess at Belle II: Kinematics, operators, and
masses, Phys. Rev. D 109, 115006 (2024).

[33] S.-Y. Ho, J. Kim, and P. Ko, Recent Bþ → Kþνν̄ excess and
muon g-2 illuminating light dark sector with Higgs portal,
Phys. Rev. D 111, 055029 (2025).

[34] X.-G. He, X.-D. Ma, M. A. Schmidt, G. Valencia, and R. R.
Volkas, Scalar dark matter explanation of the excess in the
Belle II Bþ → Kþþ invisible measurement, J. High Energy
Phys. 07 (2024) 168.

[35] P. D. Bolton, S. Fajfer, J. F. Kamenik, and M. Novoa-
Brunet, Signatures of light new particles in
B → Kð�ÞEmiss, Phys. Rev. D 110, 055001 (2024); Phys.
Rev. D 111, 039903(E) (2025).

[36] X.-G. He, X.-D. Ma, J. Tandean, and G. Valencia, B → Kþ

invisible, dark matter, and CP violation in hyperon decays,
J. High Energy Phys. 07 (2025) 078.

[37] A. Berezhnoy, W. Lucha, and D. Melikhov, Analysis of q2rec-
distribution for B → KMX and B → K�MX decays in a

scalar-mediator dark-matter scenario, Phys. Rev. D 111,
075035 (2025).

[38] P. D. Bolton, S. Fajfer, J. F. Kamenik, and M. Novoa-
Brunet, Impact of new invisible particles on B →
Kð�ÞEmiss observables, Phys. Rev. D 112, 035010 (2025).

[39] P. Ko, Y. Kwon, C.-T. Lu, and X. Wei, Searching for elusive
dark Higgs boson in spin-1=2 inelastic dark matter models
at Belle II, J. High Energy Phys. 08 (2025) 150.

[40] A. Berezhnoy, W. Lucha, and D. Melikhov, Probing vector-
vs scalar-mediator dark-matter scenarios in B →
ðK;K�ÞMX decays, arXiv:2507.10801.

[41] J. Kim and P. Ko, Bþ → Kþνν̄ excess and DM semi-
annihilation, Phys. Rev. D 113, 075023 (2026).

[42] W. Altmannshofer, A. Crivellin, H. Haigh, G. Inguglia, and
J. Martin Camalich, Light new physics in B → Kð�Þνν̄?,
Phys. Rev. D 109, 075008 (2024).

[43] W. Altmannshofer and S. Roy, Joint explanation of the B →
πK puzzle and the B → Kνν̄ excess, Phys. Rev. D 111,
075029 (2025).

[44] Q.-Y. Hu, Are the new particles heavy or light in
b → sEmiss?, Eur. Phys. J. C 85, 556 (2025).

[45] L. Calibbi, T. Li, L. Mukherjee, and M. A. Schmidt, Is dark
matter the origin of the B → Kνν̄ excess at Belle II?, Phys.
Rev. D 112, 075020 (2025).

[46] K. Ding, Y. Li, X. Liu, Y. Liu, C.-T. Lu, and B. Zhu,
Resonant ALP-portal dark matter annihilation as a solution
to the B� → K�νν̄ excess, Phys. Rev. D 112, 115034
(2025).

[47] T. Li, M. A. Schmidt, and M. Yuan, Reexamining the search
for light ALPs at flavor and forward accelerator experi-
ments, Phys. Rev. D 112, 115038 (2025).

[48] X. Gao and U. Nierste, B → Kþ axionlike particles:
Effective versus UV-complete models and enhanced two-
loop contributions, Phys. Rev. D 112, 055008 (2025).

[49] J. Alda, M. Fuentes Zamoro, L. Merlo, X. Ponce Díaz, and
S. Rigolin, Comprehensive ALP searches in meson decays,
arXiv:2507.19578.

[50] M. Abumusabh, G. Dujany, D. Guadagnoli, A. Iohner, and
C. Toni, The Bþ → Kþνν̄ decay as a search for the QCD
axion, arXiv:2510.18953.

[51] E. Gabrielli, L. Marzola, K. Müürsepp, and M. Raidal,
Explaining the Bþ → Kþνν̄ excess via a massless dark
photon, Eur. Phys. J. C 84, 460 (2024).

[52] T. M. Aliev, A. Elpe, L. Selbuz, and I. Turan, Explaining
Belle data on B → Kð�Þνν̄ decays via dark Z resonances,
Phys. Rev. D 112, 015025 (2025).

[53] L. Di Luzio, M. Nardecchia, and C. Toni, Gauged τ-lepton
chiral currents and B → Kð�ÞEmiss, Phys. Rev. D 112,
055031 (2025).

[54] P. D. Bolton, J. F. Kamenik, and M. Novoa-Brunet, Dark
light shining on B → Kð�ÞEmiss, arXiv:2512.16999.

[55] B. Batell, J. Pradler, and M. Spannowsky, Dark matter from
minimal flavor violation, J. High Energy Phys. 08 (2011)
038.

[56] L. Lopez-Honorez and L. Merlo, Dark matter within the
minimal flavour violation ansatz, Phys. Lett. B 722, 135
(2013).

[57] B. Batell, T. Lin, and L.-T. Wang, Flavored dark matter and
R-parity violation, J. High Energy Phys. 01 (2014) 075.

MESCIA, OKAWA, SWALLOW, and TONI PHYS. REV. D 113, 095014 (2026)

095014-16

https://doi.org/10.1103/PhysRevD.109.075004
https://doi.org/10.1103/PhysRevD.109.075004
https://doi.org/10.1103/PhysRevD.111.015038
https://doi.org/10.1103/6g56-v496
https://doi.org/10.1103/6g56-v496
https://doi.org/10.1007/JHEP09(2025)055
https://doi.org/10.1007/JHEP09(2025)055
https://doi.org/10.1103/4dpx-h5vm
https://doi.org/10.1140/epjc/s10052-025-14168-z
https://doi.org/10.1140/epjc/s10052-025-14168-z
https://doi.org/10.1103/PhysRevD.110.075036
https://arXiv.org/abs/2412.16115
https://arXiv.org/abs/2509.20027
https://doi.org/10.1103/PhysRevD.110.055013
https://doi.org/10.1103/PhysRevD.110.055013
https://doi.org/10.1209/0295-5075/ad1d03
https://doi.org/10.1103/PhysRevD.109.L031701
https://doi.org/10.1103/PhysRevD.109.L031701
https://doi.org/10.1103/PhysRevD.109.075006
https://doi.org/10.1103/PhysRevD.109.115006
https://doi.org/10.1103/PhysRevD.111.055029
https://doi.org/10.1007/JHEP07(2024)168
https://doi.org/10.1007/JHEP07(2024)168
https://doi.org/10.1103/PhysRevD.110.055001
https://doi.org/10.1007/JHEP07(2025)078
https://doi.org/10.1103/PhysRevD.111.075035
https://doi.org/10.1103/PhysRevD.111.075035
https://doi.org/10.1103/9rrv-ft75
https://doi.org/10.1007/JHEP08(2025)150
https://arXiv.org/abs/2507.10801
https://doi.org/10.1103/5ygk-bswh
https://doi.org/10.1103/PhysRevD.109.075008
https://doi.org/10.1103/PhysRevD.111.075029
https://doi.org/10.1103/PhysRevD.111.075029
https://doi.org/10.1140/epjc/s10052-025-14290-y
https://doi.org/10.1103/r2gw-rwzw
https://doi.org/10.1103/r2gw-rwzw
https://doi.org/10.1103/47v4-bn2g
https://doi.org/10.1103/47v4-bn2g
https://doi.org/10.1103/174x-dbnn
https://doi.org/10.1103/5j2t-2kdf
https://arXiv.org/abs/2507.19578
https://arXiv.org/abs/2510.18953
https://doi.org/10.1140/epjc/s10052-024-12818-2
https://doi.org/10.1103/6j6r-9vsl
https://doi.org/10.1103/7zhp-g199
https://doi.org/10.1103/7zhp-g199
https://arXiv.org/abs/2512.16999
https://doi.org/10.1007/JHEP08(2011)038
https://doi.org/10.1007/JHEP08(2011)038
https://doi.org/10.1016/j.physletb.2013.04.015
https://doi.org/10.1016/j.physletb.2013.04.015
https://doi.org/10.1007/JHEP01(2014)075


[58] F. Bishara, A. Greljo, J. F. Kamenik, E. Stamou, and J.
Zupan, Dark matter and gauged flavor symmetries, J. High
Energy Phys. 12 (2015) 130.

[59] F. Mescia, S. Okawa, and K. Wu, Multi-component dark
matter from minimal flavor violation, J. High Energy Phys.
11 (2024) 114.

[60] R. S. Chivukula and H. Georgi, Composite technicolor
standard model, Phys. Lett. B 188, 99 (1987).

[61] L. J. Hall and L. Randall, Weak scale effective supersym-
metry, Phys. Rev. Lett. 65, 2939 (1990).

[62] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager, and L.
Silvestrini, Universal unitarity triangle and physics beyond
the standard model, Phys. Lett. B 500, 161 (2001).

[63] G. D’Ambrosio, G. F. Giudice, G. Isidori, and A. Strumia,
Minimal flavor violation: An effective field theory ap-
proach, Nucl. Phys. B645, 155 (2002).

[64] J. M. Gerard, Fermion mass spectrum in SU(2)-L x U(1), Z.
Phys. C 18, 145 (1983).

[65] W. G. Parrott, C. Bouchard, and C. T. H. Davies (HPQCD
Collaboration), Standard model predictions for
B → Klþl−, B → Kl−

1 l
þ
2 and B → Kνν̄ using form fac-

tors from Nf ¼ 2þ 1þ 1 lattice QCD, Phys. Rev. D 107,
014511 (2023); Phys. Rev. D 107, 119903(E) (2023).

[66] D. Bečirević, G. Piazza, and O. Sumensari, Revisiting B →
Kð�Þνν̄ decays in the standard model and beyond, Eur. Phys.
J. C 83, 252 (2023).

[67] F. Loparco, A new look at b → s observables in 331
models, Particles 7, 161 (2024).

[68] A. D’Alise, G. Fabiano, D. Frattulillo, D. Iacobacci, F.
Sannino, P. Santorelli, and N. Vignaroli, New physics path-
ways from B processes, Nucl. Phys. B1006, 116631 (2024).

[69] D. Bečirević, S. Fajfer, N. Košnik, and L. Pavičić, RDð�Þ and
survival of the fittest scalar leptoquark, Phys. Rev. D 110,
055023 (2024).

[70] G. Guedes and P. Olgoso, From the EFT to the UV: The
complete SMEFT one-loop dictionary, arXiv:2412.14253.

[71] S.-P. Lin (Belle-II Collaboration), Recent highlights from
the Belle II experiment, Int. J. Mod. Phys. A 40, 2544001
(2025).

[72] A. J. Buras and E. Venturini, The exclusive vision of rare K
and B decays and of the quark mixing in the standard model,
Eur. Phys. J. C 82, 615 (2022).

[73] G. Anzivino et al., Workshop summary: Kaons@CERN
2023, Eur. Phys. J. C 84, 377 (2024).

[74] G. D’Ambrosio, A. M. Iyer, F. Mahmoudi, and S.
Neshatpour, Anatomy of kaon decays and prospects for
lepton flavour universality violation, J. High Energy Phys.
09 (2022) 148.

[75] J. P. Lees et al. (BABAR Collaboration), Search for B →
Kð�Þνν̄ and invisible quarkonium decays, Phys. Rev. D 87,
112005 (2013).

[76] O. Lutz et al. (Belle Collaboration), Search for B → hð�Þνν̄
with the full Belle ϒð4SÞ data sample, Phys. Rev. D 87,
111103 (2013).

[77] E. Cortina Gil et al. (NA62 Collaboration), First search for
Kþ → πþνν̄ using the decay-in-flight technique, Phys. Lett.
B 791, 156 (2019).

[78] E. Cortina Gil et al. (NA62 Collaboration), An investigation
of the very rare Kþ → πþνν̄ decay, J. High Energy Phys. 11
(2020) 042.

[79] E. Cortina Gil et al. (NA62 Collaboration), Measurement of
the very rare Kþ → πþνν̄ decay, J. High Energy Phys. 06
(2021) 093.

[80] E. Cortina Gil et al. (NA62 Collaboration), Searches for
hidden sectors using Kþ → πþX decays, J. High Energy
Phys. 11 (2025) 143.

[81] A. J. Buras, J. Girrbach-Noe, C. Niehoff, and D. M. Straub,
B → Kð�Þνν̄ decays in the Standard Model and beyond, J.
High Energy Phys. 02 (2015) 184.

[82] J. Brod, M. Gorbahn, and E. Stamou, Two-loop electroweak
corrections for the K → πνν̄ decays, Phys. Rev. D 83,
034030 (2011).

[83] M. T. Prim et al. (Belle Collaboration), Search for Bþ →
μþνμ and Bþ → μþN with inclusive tagging, Phys. Rev. D
101, 032007 (2020).

[84] F. Abudinén et al. (Belle-II Collaboration), Search for Bþ →
Kþνν̄ decays using an inclusive tagging method at Belle II,
Phys. Rev. Lett. 127, 181802 (2021).

[85] V. Bertacchi et al. (Belle II Tracking Group), Track
finding at Belle II, Comput. Phys. Commun. 259, 107610
(2021).

[86] J. Grygier et al. (Belle Collaboration), Search for B → hνν̄
decays with semileptonic tagging at Belle, Phys. Rev. D 96,
091101 (2017); Phys. Rev. D 97, 099902(A) (2018).

[87] R. Bause, H. Gisbert, M. Golz, and G. Hiller, Interplay of
dineutrino modes with semileptonic rare B-decays, J. High
Energy Phys. 12 (2021) 061.

[88] E. Cortina Gil et al. (NA62 Collaboration), Search for a
feebly interacting particle X in the decay Kþ → πþX, J.
High Energy Phys. 03 (2021) 058.

[89] D. Guadagnoli, A. Iohner, C. Lazzeroni, D. Martinez
Santos, J. C. Swallow, and C. Toni, New bound on the
vectorial axion-down-strange coupling from Kþ → πþνν̄
data, arXiv:2503.05865.

[90] R. D. Cousins, J. T. Linnemann, and J. Tucker, Evaluation
of three methods for calculating statistical significance
when incorporating a systematic uncertainty into a test of
the background-only hypothesis for a poisson process,
Nucl. Instrum. Methods Phys. Res., Sect. A 595, 480
(2008).

[91] N. Gubernari, M. Reboud, D. van Dyk, and J. Virto,
Dispersive analysis of B → Kð�Þ and Bs → ϕ form factors,
J. High Energy Phys. 12 (2023) 153; J. High Energy Phys.
01 (2025) 125(E).

[92] A. Bharucha, D. M. Straub, and R. Zwicky, B → Vlþl− in
the standard model from light-cone sum rules, J. High
Energy Phys. 08 (2016) 098.

[93] A. Biswas, S. Nandi, and I. Ray, Extractions of jVubj=jVcbj
from a combined study of the exclusive b → uðcÞl−ν̄l
decays, J. High Energy Phys. 07 (2023) 024.

[94] N. Carrasco, P. Lami, V. Lubicz, L. Riggio, S. Simula, and
C. Tarantino, K → π semileptonic form factors with Nf ¼
2þ 1þ 1 twisted mass fermions, Phys. Rev. D 93, 114512
(2016).

DARK MATTER EMISSION AT BELLE II AND NA62 IN THE … PHYS. REV. D 113, 095014 (2026)

095014-17

https://doi.org/10.1007/JHEP11(2024)114
https://doi.org/10.1007/JHEP11(2024)114
https://doi.org/10.1016/0370-2693(87)90713-1
https://doi.org/10.1103/PhysRevLett.65.2939
https://doi.org/10.1016/S0370-2693(01)00061-2
https://doi.org/10.1016/S0550-3213(02)00836-2
https://doi.org/10.1007/BF01572477
https://doi.org/10.1007/BF01572477
https://doi.org/10.1103/PhysRevD.107.014511
https://doi.org/10.1103/PhysRevD.107.014511
https://doi.org/10.1103/PhysRevD.107.119903
https://doi.org/10.1140/epjc/s10052-023-11388-z
https://doi.org/10.1140/epjc/s10052-023-11388-z
https://doi.org/10.3390/particles7010009
https://doi.org/10.1016/j.nuclphysb.2024.116631
https://doi.org/10.1103/PhysRevD.110.055023
https://doi.org/10.1103/PhysRevD.110.055023
https://arXiv.org/abs/2412.14253
https://doi.org/10.1142/S0217751X25440014
https://doi.org/10.1142/S0217751X25440014
https://doi.org/10.1140/epjc/s10052-022-10583-8
https://doi.org/10.1140/epjc/s10052-024-12565-4
https://doi.org/10.1007/JHEP09(2022)148
https://doi.org/10.1007/JHEP09(2022)148
https://doi.org/10.1103/PhysRevD.87.112005
https://doi.org/10.1103/PhysRevD.87.112005
https://doi.org/10.1103/PhysRevD.87.111103
https://doi.org/10.1103/PhysRevD.87.111103
https://doi.org/10.1016/j.physletb.2019.01.067
https://doi.org/10.1016/j.physletb.2019.01.067
https://doi.org/10.1007/JHEP11(2020)042
https://doi.org/10.1007/JHEP11(2020)042
https://doi.org/10.1007/JHEP06(2021)093
https://doi.org/10.1007/JHEP06(2021)093
https://doi.org/10.1007/JHEP11(2025)143
https://doi.org/10.1007/JHEP11(2025)143
https://doi.org/10.1007/JHEP02(2015)184
https://doi.org/10.1007/JHEP02(2015)184
https://doi.org/10.1103/PhysRevD.83.034030
https://doi.org/10.1103/PhysRevD.83.034030
https://doi.org/10.1103/PhysRevD.101.032007
https://doi.org/10.1103/PhysRevD.101.032007
https://doi.org/10.1103/PhysRevLett.127.181802
https://doi.org/10.1016/j.cpc.2020.107610
https://doi.org/10.1016/j.cpc.2020.107610
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1007/JHEP12(2021)061
https://doi.org/10.1007/JHEP12(2021)061
https://doi.org/10.1007/JHEP03(2021)058
https://doi.org/10.1007/JHEP03(2021)058
https://arXiv.org/abs/2503.05865
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1007/JHEP12(2023)153
https://doi.org/10.1007/JHEP01(2025)125
https://doi.org/10.1007/JHEP01(2025)125
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1007/JHEP07(2023)024
https://doi.org/10.1103/PhysRevD.93.114512
https://doi.org/10.1103/PhysRevD.93.114512

	Dark matter emission at Belle II and NA62 in the minimal flavor violation framework
	I. INTRODUCTION
	II. DARK MATTER WITHIN MINIMAL FLAVOR VIOLATION
	A. Scalar DM
	1. S&sim;(3,1,1)
	2. S&sim;(1,3,1)
	3. S&sim;(1,1,3)

	B. Fermion DM
	1. &psi;&sim;(3,1,1)
	2. &psi;&sim;(1,3,1)
	3. &psi;&sim;(1,1,3)


	III. EXPERIMENTAL SEARCHES FOR di&rarr;dj+E
	A. NA62
	B. KOTO
	C. Belle II
	D. Belle
	E. BABAR

	IV. RESULTS
	A. Scalar DM
	B. Fermion DM

	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: LIKELIHOOD FUNCTION
	1. Belle II
	2. BABAR
	3. Belle
	4. NA62
	5. KOTO
	6. SM prediction of neutrino modes

	APPENDIX B: DECAY RATES
	1. dj&rarr;diSS&dagger;
	2. dj&rarr;di&psi;&psi;&macr;

	APPENDIX C: FORM FACTORS
	References


