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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 SU(3)? 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 K™ — z7vi or BT — Ktvi, 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 — zvi and B —
K™yi 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 K™ — z"vi
branching ratio reported by NAG62 lies somewhat above the
SM prediction [1]. Even more strikingly, the latest Belle 1T
results in the BT — Ktvo channel show an excess with a
significance of about 2.7¢ [3].

Many studies have investigated new physics interpreta-
tions of the recent Belle II excess in BT — K vi [3],
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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 effective bsvv interaction
operators, which provide additional contributions to the
b — suvp 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
B(B* - K*vi), B(B — K*vi), and longitudinal polariza-
tion fraction of K* in B — K*ui helps disentangle different
new physics contributions to B — K(*)ug 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 Z' 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 — K¢¢) 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 (g?) 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 My ~2 GeV
and My ~0.5 GeV for the two-body and three-body sce-
narios, respectively.

In this paper, we examine whether this Belle II Bt —
K'ui excess, together with the slightly higher-than-
expected K' — ztvp branching ratio measured by
NAG62 [1], can be accommodated within the minimal flavor
violation (MFV) dark matter framework [55-59]. For
B* — K*'vp, 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 d; — d;vi 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 — dvy and b — suvp 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 y that transforms under the quark
flavor subgroup SU(3),, x SU(3), x SU(3),, 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 y
fields, acting as spurions of the flavor group beyond the
usual SM Yukawa matrices, breaks the minimally expected
scaling of BSM contribution in strict U(3)® MFV:
C?jSM ~(YiY,) ij « V;;V,;. Investigation of MFV beyond
minimal assumptions is therefore well motivated, in par-
ticular considering implications for d; — d;y;y; processes,
where y; 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 rare K and B 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 U(3)> =
U(3), xU(3), xU(3),xU(3),xU(3), in the gauge

e

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 Y, ;.

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 U(3)> 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

Y, ~(3,3,1,1,1), Y,~(3,1,3,1,1),

Y, ~(1,1,1,3,3), (2.1)
under the U(3)° flavor group.
In this formalism, for any operator O;; ~with flavor

indices i, j, ..., its coupling C;; is expanded in Yukawa
spurions to ensure invariance under flavor transformations.
More concretely, C;; is expressed for (91-.,- ~(1,3®
3,1,1,1) as

ij

C,‘j = 0051'/' + €C1(YZYM)U + €2 [CZ(YZYMYZYM)U

+ VIV, + (2.2)
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 .

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 y,
transforming  like  y ~ (n,.m,) x (n,.m,) x (ng. my)
under G, = SU(3), x SU(3), x SU(3),. One can show
that the lightest state of y is absolutely stable when (n, +
n, +ng—m, —m, —my) mod 3 # 0 is satisfied [55,57].
This state, y, is thus an excellent DM candidate if electri-
cally neutral. Table I lists the lowest-dimensional repre-
sentations of G, 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 y 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 y is lighter

095014-2



DARK MATTER EMISSION AT BELLE II AND NA62 IN THE ...

PHYS. REV. D 113, 095014 (2026)

TABLE 1. Flavored DM candidates. Listed are the lowest-
dimensional representations of G, that are stable once MFV
is imposed, with (n,m) where n=n,+n,+n,,
m = my + m, + my. Depending on their electroweak quantum
numbers, these multiplets may contain viable DM candidates.

(n,m) SU(3),xSU(3), x SU(3),
(1, 0) G, 1,1, (1,3, 1),(1,1,3)
0, 1) (3,1,1),(1,3,1),(1,1,3)
2, 0) 6, 1, 1), (1, 6, 1), (1, 1, 6)
(3,3, 1,3, 1,3),(1,3,3)
0, 2) (6,1,1),(1,6,1),(1,1,6)
(3,3.1),(3,1,3),(1,3,3)

than B mesons, some operators can induce dark matter
emission from heavy quark decays, such as d; — dy;i;.
Since y must be effectively unobservable with current
detectors, these new decay modes mimic the FCNC decays,
di - djvi.

In this section, we classify the leading effective operators
contributing to d; — d,y;x;, with a focus on the lowest-
dimensional representations with (n,m) = (1,0). In this
work, we consider a flavored dark matter multiplet y = S
(scalar) or y (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 y are degenerate at
leading order in the MFV expansion, and mass splittings
arise only from insertions of the Yukawa spurions at higher
order:

(m3);; = m3[8;; + cs €(Y1}Yq)ij + .. (2.3)
for a scalar multiplet S, or
(mv,)ij =m,[6;; + cy,e(Yj]Yq)ij + ... (2.4)

for a fermion multiplet y. Here, cg, are unknown
coefficients of order unity, and ¢ < 1 counts the number
of Yukawa insertions in the MFV expansion. The matrix Y,
denotes either Y, or Y, depending on the flavor repre-
sentation of the new fields. Throughout this paper, we
ignore small corrections of O(e) and only keep the leading
order terms. Consequently, the y 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 =3 O

T ijkl

(2.5)

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

O,!jk; = (q_LiVMCILj)(SZi‘)ySI)’ (2.6)
O = (iRi" ur;)(S4i0,S1), (2.7)
Ol = (drir"dg;)(S}i0,S)), (2.8)
Ol = (qriHug;)(SS1).
Oj}jkl = (ﬁRiﬁTqu)(SltSl) = [Oﬁilkr’ (2.9)
(’)?jk, = (QLinRj)(SZSZ)’
O?jkl = (&RiHTCILj)(SZSl) = [O?ilkr’ (2.10)

<~
where Ad,B = A(9,B) — (9,A)B. Hermiticity requires that

Cz!jkl = [C]l'izk]*a
C?jkl = [C?ilk]*’

C%jkl = [Cjz‘ilk] "

C?jkl = [st‘ilk] "

3 _ M
Cijkl = [Cjilk]*9

(2.11)

1 3 5 :
Of these operators, Oijkl, (’)l.jk[, and Oijkl provide flavor

violating interactions to the down quarks at the tree level, so
that hereafter we only consider these three operators.
Under MFYV, the coefficients C{ ik are expanded in terms
of the quark Yukawa matrices and their concrete expres-
sions depend on the G, representation of the DM field §;.

1.S~(3,1,1)

The leading coefficients are given by

C}jkl = C%éij(skl + Céﬁiléjk + ey (212)
C?jkl = C:I"éijékl + ceey (213)
Cin = 1Y) ij0u + 3 (Ya)0u + .os (2.14)

where the ellipses indicate further Yukawa matrix inser-
tions and c}, are taken to be real. A

Without lqs§ of generality, one can take (Y,);; = y,0;;
and Y,=V"'Y,, with V being the CKM matrix and
(Y,);; = yid;. In the unitary gauge (H) = (0,v/v2)"
and in the quark mass basis (u; — V'u;), we find
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£ —Z{c2 dyiydy;)(S1i,S))

+ Cézvilvjk(ﬁLiyﬂuLj)(Sziaﬂsl)
k.
iz - mfj)(&ﬂsdj)(s-jrsz')}v

+c3(m (2.15)

where m!, = y,v/+/2. Note that in the last equation both
quarks and DM fields are in the mass basis.

2.8~(1,3.1)

The leading coefficients are given by

Cl!jkl = Ciéijékl =+ ceey (216)
C?jkl C 5lj5kl +. (217)

where the ellipses indicate further Yukawa matrix inser-
tions. There is no flavor violating interaction in the down
sector, thus S~ (1,3, 1) is not a suitable representation to
address the Belle IT and NA62 excesses.

3.85~(1,1,3)

The leading coefficients are given by

CLyy = 166 + . (2.19)
C?jkl = 0?5”5“ =+ C%5i15jk + ceey (220)
ijk, = C?(Yd)ijfskl +3(Ya)ubj + oo (2.21)

where the ellipses indicate further Yukawa matrix inser-
tions and cj, are taken to be real. The flavor violating
interactions arise only from O}, and O3, which are in the
form

1 - 9,
£t 2> { el 4y, ) (8]10,5)

i
+ Sl = m)dsd)(SIS) ) (222)
where we take the unitary gauge and the quark mass basis.
Note that the d; — d; operators of this Lagrangian are

identical to those of Eq. (2.15) with ¢} — ¢3.

B. Fermion DM

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

1
£eff = ZWCszklOlI’jkl’ (223)
1

where d denotes the dimension of the operator O! ki The
dimension-6 operators for fermion DM are given by

Ol = (@rir* i) Wrwn),
Ol]kz = (Grir"ar;) Wy .yswi) (2.24)
O = (giy* ugy) (Fay)s
Oy = (iagiy ugy) iy, rsw1), (2.25)
Ol = (driv*dry) Fir,)s
O = (drirdp;) iy ,rsw)- (2.26)

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

O = (GriHugy) (Fp:),
O = (agiH qr ) () = [O35])7,  (2.27)
Oiﬁz = (qriHug;) (Wirsw;).
Oﬁz = (agH' 1) (Fiivswr) = (O], (2.28)
O = (GuiHdg;) (),
Ozsjkz (driH'qr;) (i) = [O5,]7, (229
O = (qriHdg;) (Wiivsy)),
O;Jkl (deH QL])(Wkl}’sl//z) [O;fz)k]T- (2.30)

For simplicity, we neglect tensor operators. Hermiticity
requires that

48 45 1x 4P _ (4P |*

Ciia = 1Cind Cij = |Clinl

55— [(C5S 1* 5P _ [P 1*

Cljkl Cjilk ’ Cz]kl - C]zlk (231)
Of these operators, (’)llj‘,/dm, (’)?),i,“, and O,SJSHSP 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.

Ly~(311)
The leading coefficients are given by

IV,1A __ 1V,1A 1V, 1A
Cijr ™ =1 7010 ¢y ouby + . (2.32)
CIV3A _ Vs,

ik = 00k + oo (2.33)

C?ﬁc’zsp = C?S’SP(Yd)ij‘skl + CSS'SP(Yd)kj‘sil T (2.34)

where the ellipses indicate further Yukawa matrix insertions and c;, are taken to be real.
Again, we take (Yy);; = y,,0;; and ¥, = V1Y, without loss of generality. In the unitary gauge (H) = (0, v/+/2)" and in
the quark mass basis (u; — V'u;), we find

1 - _ . _
L5 > AzZ{cév(dLi}’ﬂdLj)(l//j}'ﬂl//i) + Cévzvizvjk(uuy”uu)(WkVyWI)
07 ]
+ M dpirtdry) (i swi) + C%szilvfk(ﬁu?””u)(1/7k7,475’//l)}
]
1 L S )
+ FZ{C?(MQ i) (did) () + €3 (mly = mip) (diysdy) ().
i.j

+ e3P (ml) + m?) (did;) (W jiysy;) + 3 (m) - mé)(gﬂfsdj)(lpjiysll/i)}, (2.35)

|
where m!, = yi,v/+/2. Note that in the last equation both

58.5P 55.5P
quarks and DM fields are in the mass basis. Cijkl = (Yd)ijékl + C;(Yd)il(sjk + . (2-41)
~ where the ellipses indicate further Yukawa matrix inser-
2.y~ (1,3,1)
The Teadine coefficients are given b tions and cj, are taken to be real. The flavor violating
& & y interactions arise only from (’)?ji’l% and (’)f jSk,S P which are of
C,%}IA _ C}V'1A5ij5k1 +.. (2.36) the form
CHt = eV 8,00 + o 2.37 i L 7 ;
ijK “ % (2.37) L~ PZ{C%V(dLiyﬂdLj)(ijﬂWi)
i.j
5S.5 5.5
Coi" = (Ya)y+ s (2.38)

+ C%A(‘?Li}”'stL,-)@ﬁﬂ’ﬂl//i)}

where the ellipses indicate further Yukawa matrix inser- 1 ' o

tions. No flavor violating interaction in the down sector + FZ{Cgs(m’d + ml))(d;d;) (7 y;)
exists, and therefore y ~ (1,3, 1) is not a suitable repre- i.j

sentation to address the Belle II and NA62 excesses. + 3P (mi, + m{i )(C_lid/)(lﬁji%l//i)

+CSS mi_mj éi d U i
3.1’/"’(1,1,3) 2 ( d d)(_YS ])(W]l//)
The leading coefficients are given by + 3" (my — mil)(diVde)(‘/_’jWS‘/’i)}’ (2.42)
V1A _ 1V,IA
Cijii~ = €1 700 + .o (2.39) where we take the unitary gauge and the quark mass basis.

Note that the d; — d; operators of this Lagrangian are

3 _ 3VJ3A 3V.3A
Cijp = €100 + ¢ 0udy+ o (240) gengical to those of Eq. (2.35) with ¢}V — 3V-34,
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III. EXPERIMENTAL SEARCHES FOR d; — d;+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 BT — Ktvi at Belle I [3] and in K™ — ztvi at
NAG62 [1].

The Belle II excess over the SM prediction [65,66] has a
statistical significance of 2.7¢ [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 K™ — ztvi
decay [1] uses data from 2016-2022 observing 51 candi-
date events and a total background of 1873, representing
the first observation of the decay at a significance in
excess of 5. The branching ratio is measured to be
B(K* — ntuvi) = (13.0733) x 1071, this can be com-
pared to SM predictions of around 8 x 10~!' 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 1.7¢.

The main channels of rare meson decays for each d; —
d; transition are shown in Table II.

A. NA62

The small branching fraction of the K* — zv@ decay in
the SM [72-74], which predicts that this process occurs
fewer than once in ten billion K™ 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

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

Flavor transition =~ Meson decay Experiment

b—s BT - KT+ E Belle II [3], BABAR [75]
B > K+ F BABAR [75]
Bt - K"+ F BABAR [75]
B - K04+ F BABAR [75]
b—d Bt st +E Belle [76]
B > 20+ F Belle [76]
Bt > pt+ E Belle [76]
BY= )0+ E Belle [76]
s —d Kt st +E NA62 [1,77-79]
K, - +E KOTO [2]

[0.026,0.068]GeV? for Signal Region2 (SR2),
(3.1)

where m2, . = (Px — P,;)? = ¢* and Py and P, are the 4-
momenta of the kaon and pion, respectively. The number of

excepted events can be expressed as

5 { [0,0.01] GeV? for Signal Regionl (SR 1),

dB

stignal “r
dq*’

— SES~!(¢?) x
o (g%)

(3.2)

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 K™ — zvi
decay mode [72-74], NA62 has provided experimental
evidence of this decay, with significance in excess of 5o,
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 K+ — z X, where
X is a new unobserved state. In this context, NA62
published the SES as a function of my = m,, 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 ¢ 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 K, — #°vi decay. Its branching
ratio is predicted to be around 3 x 107! 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. € [0,0.065] GeV>. The number of
expected events is given as in Eq. (3.2). The SES of the
KOTO K; — 7°vi analysis of the 2021 dataset is reported
in [2]. Zero events were observed in the signal region and
upper limits were established at B(K; — 7%ui) < 2.2 x
107 at 90% confidence level, as well as on B(K; — 7°X)
for a set of mass hypotheses my, where X is a hypothetical
neutral state. Since no events were observed and the
background is small, the SES as a function of ¢? is inferred
by multiplying the 90% confidence level B(K; — 7°X)
limits by a factor of 2.3.

C. Belle 11

Belle II recently reported a measurement of B — Ktvp
[3] with central value notably above the SM prediction
[65,66,81,82]. For the BT — KT vi 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.
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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 ¢>. 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 ¢>. Instead, the
analysis relies on a proxy observable g2, defined as [3]

s 2k 2k
Giee = 7+ Mg = VsEx = ¢* + E = mj = 2Py - Pi(a?)
= ¢ + Ey —mp = 2|pply™ (B ER (47)
+ 1P (¢%)| cos 6*), (3.3)
where'  |py| = A2 (m}, m%. q*)/(2mg) and =

|P5|/Ey = 0.06234 denotes the boost parameter relating
the B-meson rest frame to the BB rest frame. Quantities
marked with a single (double) star are evaluated in the BB
(B) rest frame. Finally, 8** is the polar angle of the kaon
momentum in the B-meson rest frame with respect to the B-
meson momentum in the BB rest frame, and is the only
unmeasured variable entering Eq. (3.3).

For fixed ¢?, the distribution of ¢2. follows from
Eq. (3.3) by assuming a uniform distribution of
c** =cos0™ €[—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]

dN 1
ZX = NB / dq2 / dc* _5(61?6(: - ‘Irzec(qzv C**))
erec 2
dBy
xema(q’) =
ITA dq2

dBy

—5, 3.4
o (34)

= NB/dq2 quec (qz)elTA(qz)

where Nz = 387(6) x 10° [3] denotes the number of B-
meson candidates from decay channel X, B is the corre-
sponding branching ratio, and e;ra (¢?) is the ITA selection
efficiency as a function of g2, taken from Ref. [3]. The
function ¢2.(q? c¢**) is given by Eq. (3.3). The final
expression introduces the smearing function f, com-
monly used in the literature [32,35,38].

Within the HTA analysis Belle II reconstructs ¢ directly
on an event-by-event basis. Therefore, the relation between
the physical branching ratios and the observed yields
therefore takes the simpler form

dNy dBy

i = Npepra(q?) 4 (3.5)

lﬂ(X, y,2) = x> +y> + 722 = 2xy — 2yz — 2zx.

where eyra(g?) denotes the HTA selection efficiency as a
function of g2, also provided in Ref. [3].

D. Belle

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

B(BT = ptui) <3.0x 1073, (3.6)
B(B" — ztui) < 1.5 x 1073, (3.7)
B(B® - pui) < 4.0 x 1073, (3.8)
B(B® - 7%w) < 9.0 x 1074 (3.9)

In this case, the full event kinematics is not reconstructed,
and thus the g* 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 — K®ui decays [75] using a
sample of 5 x 108 BB pairs from Y(4s) — BB decays at
the PEP-II facility, SLAC. In each event a hadronic decay
of one of the BB pair is fully reconstructed and the B —
K" v search is performed in the remainder of the event,
which is required to have missing energy, and therefore
reconstructed g> > 0. Four channels were constrained, with
upper limits on branching ratios established at 90% con-
fidence level of [75]

B(B* —» K*uvi) < 1.6 x 107, (3.10)
B(B® - K*%i) < 4.9 x 1074, (3.11)
B(B* —» K* i) < 6.4 x 107, (3.12)
B(B® —» K*%ui) < 1.2 x 107 (3.13)

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 Lgsy (0, ¢) as described in Appendix A, where 6
and ¢ are the set of nuisance parameters and BSM
couplings, respectively. The SM likelihood is obtained
by setting ¢ =0, ie., Lgu(@) = Lgsm(@,c =0). The
improvement is then measured by the test statistic
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FIG. 1.
new physics parameter, A, as a function of the scalar mass.

A

A=-2In=2M
Lsu

(4.1)

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

A. Scalar DM

We first focus on the case of scalar DM transforming as
S~ (3,1,1). The set of flavor-violating couplings for this
case is given by cé and cg from Eqgs. (2.12)—(2.14). We will
study the improvement A of this model compared to the
SM case with one flavor-violating coupling turned on at
a time.

*When the usual regularity conditions are satisfied, —A =
XEom — X3 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 —A =1
corresponds roughly to a 1o preference, —A =4 to 20, —A =
9 to 30, and so on.

¢/ A2[1073 TeV2)

0.06 0.08
ms [GeV]

0.02 0.04

—

¢/ A*[1072 TeV2]

T |

0.6 0.8 1.0 12

02 04
mg [GeV]

Results for the case of scalar DM S ~ (3, 1, 1). Left: test statistic as a function of the scalar mass, mg. Right: best-fit value of

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 A (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
NAG62 and KOTO studies of K — zvi decays. Within this
range, the model explains the NA62 excess, with this
scenario favored by up to approximately 3¢ 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, 2150 MeV, to avoid the constraint from NA62
and KOTO studies of K — zvv decays, we get the results in
the lower panels for the values of the improvement A (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 —3¢ at
mg ~ 0.5 GeV.
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FIG.2. Results for the case of fermion DMy ~ (3, 1, 1). Left: test statistic as a function of the fermion mass, m1,,. Right: best-fit value

of new physics parameter, A, as a function of the fermion mass.

The results for the S ~ (1, 1, 3) 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
NAG62 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 w~(3,1,1). The set of flavor-violating couplings
for this case is given by ¢}V, ¢4, ¢35, and 3 from
Egs. (2.32)—-(2.34). We will study the improvement A 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 A (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 — zvi 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 36), 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 A (left) and the best-fit values of the BSM
coefficient (right). Here our MFV model with a DM
fermion provides a description favored by ~2-3¢ (at m,, ~
0.5 GeV over that provided by the SM).

We find results for the y ~ (1, 1, 3) case are qualitatively
the same, and therefore details are not presented explicitly.

Therefore, the qualitative conclusions are therefore the
same as in Sec. (IV A): while improved descriptions can be
found individually for potential K — zvi and B — Kuv
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-
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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 d; — d; + 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 K™ — ztwvi or BT — Ktup
individually, providing descriptions that are favored with
respect to the SM by ~36. 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 d; — d; + 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= EBel]e I ‘CBABAR EBe]le‘CNAGZ ‘CKOTO ﬁm?' (Al)

Each term is presented and explained below.

1. Belle I1

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. [SO]. The
likelihood function is constructed as the product of two
contributions, i.e.,

(2)

1
Letie 1 = ’Cl(Se)lle II’CBelle - (A2)

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

Mpin

1 i
‘C](Be)lle o= H P(ngpi A'). (A3)

Here nf)bs 1s the number of observed events in bin 7, defined
by ¢*€(q7.47.,), and A’ is the corresponding expected
number of events

B =l i+ (1 4+ ™00l . (A4)
This expression applies to either the ITA or HTA dataset,
where npy, 1z, and nj,, are the yields in the ith bin for the
signal, the Bt — K*vi 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

dBy

T (@)

nyra =N / ddrec / dq* fe. (¢*)erralq?)

i bin
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dBy

e (A6)

ng{,HTA = Np / dq? €HTA(q2)

i bin

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]

|n:jat — nilst|

e -
(04)” + (Ohgt)
where the subscripts “dat” and “hst” denote respectively the
data and the value of the stacked histograms, and aéat the
uncertainty in the data point. By inverting the pull dis-
tribution, we get oms ~ 1% and anggA ~ 13%. Thus, we
introduced two nuisance parameters, i.e., &ira and Gyra,

both constrained by a normal Gaussian distribution in the
likelihood as

pull = (A7)

1 1
e 0ia/2 x — g0

Van Nex:

Ref. [50] has shown that this procedure applied to the
BT — K'uvp analysis produces results in good agreement
with those of Belle IL.

2 2
Eggne o= a2, (A8)

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 » — s decay channels
listed in Table II, i.e.,

2
Lpapar = H‘CESABAR,kEBABAR,k’ (A9)

k

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

in

1 i
EE’?A)BAR.k = H P(ngp A'), (A10)

where, as before, nobq is the number of observed events in
bin i, defined by ¢° € [¢?, ¢7 1), and A’ is the corresponding
expected number of events

A= (14 0 0egr) (nppg + 1ip) + (14 6" €0ug )iy
(Al1)

with this express10n applying to either of the four dataset
and nhy,, n! ;, and Ny being the yields in the ith bin for the

TABLE III. Estimates of the uncertainty on the total back-
ground and efficiency normalization for each dataset of BABAR.
Dataset o°ff oke
Bt > K"+ E 0.07 0.21
B > K+ E 0.11 0.22
BT - K"+ E 0.10 0.17
B - K4+ E 0.20 0.14

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

. dB
n&—NB/dqze(qz)—X-

Al2

i bin

Here the efficiency £(g?) 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 ¢°f and ¢
as in Table IIT and we introduce two nuisance parameters,
i.e., O and Oy, both constrained by a normal Gaussian
distribution in the likelihood as

1 1 2
R e_esz,k/z X —— e_ebkg.k/z

VT T (A13)

(2) _
‘CBABARA,k =
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

Bpwm
Belle & H 28Y { ( > } (A14)
GBDM
where k labels the decay modes and we estimate
B, Xp BL/E
Rl (A15)

oy T s R —
Eon ™ /42 (90%, 1dof)

with B, the experimental limit in Egs. (3.6)~(3.9), B,;
the SM prediction of the di-neutrino channel, and

7%(90%, 1dof) the value of a chi-squared variable at

90% CL with 1 degree of freedom. The numerator
quantifies the constraint on possible additional BSM
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contributions, while the denominator accounts for rescaling
to a 68% confidence interval, such that Eq. (Al4) is a
Gaussian constraint term.

From Ref. [87], the SM predictions of the neutrino decay
modes are

B(B* - ztui) = 1.2 x 1077, (A16)
B(B® - n%ui) = 5.6 x 1078, (A17)
B(B* — ptui) = 4.9 x 1077, (A18)
B(B® - p'ui) = 2.3 x 107, (A19)

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.,

1 2 3
Lxasr = £1<\1/)x(,2 EI(\Uléz EI(\I/)%Z‘

(A20)

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

‘Cl(\llzkéz = P(nobs; ntot)- (AZI)
As reported in Ref. [1], NA62 observed a total number
of events equal to n,, =51 in the full 2016-2022
dataset. The variable n,, can be decomposed as
Ry = Ny + N5 + npy, Which are the number of back-
ground, neutrino, and DM events, respectively. The num-
bers of events n,; and np)y; are obtained from the BR by
integrating Eq. (3.2) over the signal region.

Given n,, its components are distributed as a function of
the invisible invariant mass squared m? according to a

multinomial likelihood, yielding ’CI(\IZ/)%GZ as

2 Nobs n n
‘CI(\I/)\62:H |:n_gb( )+—gw( 2)+I’l—

j=1 Lot tot

(A22)

where g, (m?2,,) 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, g,;pm(m?2,) 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

C(S) o (Tnb)noff
NA62 —
R !

e, (A23)

with 7 = p,, /02 and e = (up/03)* [90] obtained from the
estimated mean value 4, and uncertainty o;, of the number
of background events. From Ref. [1] we take y;,, = 18.0 and
o, = 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 ng,, = 0, u;, = 0.252, and
o, = 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 we will 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 ¢?
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 —» K®ui and K — zvo, 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 — K*)vi (without long
distance contribution) and K — zvi’s BRs.

B; up. T op. Ref.
B(B" — K'wp) (4401424 027%) x 10 [66]
B(B® - Kvp) (2.05 ++0.072 +0.12%) x 10 [66]
B(B* — K*'vi) (979 ++/1.30> + 0.60%) x 106 [66]
B(B" - K*%wp)  (9.05+ 1252 +0.55%) x 106 [66]
B(Kt — ztwp) (8.4 +1.0) x 107! [81]
B(K; — n°uvi) (3.4+£0.6) x 107! [81]
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On a practical level, we found that the uncertainty on the
SM predictions of the neutrino modes has negligible impact
on our numerical results.

B —ug
05 = LB (A24)

i GB,-

where up. and o, are the central value and the uncertainty

of the BR ;. Finally, we introduce a normal Gaussian APPENDIX B: DECAY RATES

distribution in the likelihood for each of them as
In this appendix we report the theoretical formulae for

1 e p the rate of FCNC rare meson decay with DM pair emission
Loy = 1;[ \/2—7[6 b (A25) for the scalar and fermion case.
We do not introduce instead any additional term for the L. dj - d;SS’
B—mw and B — puvi’s BRs as they are poorly In the LEFT, the full set of operators up to dimension six

constrained. is given by

Lygrr D 9% (d:hd/)(s 10 1) + gl]kl( iYusd; )(S la 1)
+ 945 (did))(S{S) + g5 (dirsd))(S}S)). (B1)

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

. mZ 2
M) = HSSD _ by [ P = )+ e (1- 28 g >1

dF(P(d') (d SST ]kl 2 ikl |2 P2
l AZ 2 ij 2 _ 4 2 Vv V2 2
i 96][ mq}/) 0(a*) +2lgvv *(q ms)i(mp —_ (¢%)

ijkl 2 (mp + mv)2 16m;
IR (R —4m}) <2m2 w2+ I A )| (82
P

where P(P) and V denote respectively pseudoscalar and vector mesons.
For the decay of K, — #°, one must substitute

k [
gl — V2Re(gi2), gy — V2Im(giR). (B3)

2. d; — duip

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

Lrerr D fiy (diy,d)) G yn) + £ (diyarsdy) (Tt vswn) + Fim (divd) Gy sy
+ U (diyrsd)) T yswn) + £ (didy) i) + fis (dirsd)) ()
+ FNdd) (Farswn) + £ (dirsd;) (Fersw).- (B4)

From those operators, assuming degenerate DM masses, the meson decay rates are given by [35]
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(P(dj) - P(d])Wklpl) quP 4m5/ ikl 2( 2m ) ikl 4m2 p2~
= - *x f’ 1+ 4 flj 2 v Pf2 q2
dg* 24n° q* vl 7 Fval 2 )7 “(q%)
3 (m%_mz)z [ ikl ( 4my, > jkl 1o My (M — m;)?
+_7 ikl )2 | Fikh2 g gkt T AT T )
= e ) LA (1= ) e s

ikl pijkly sy T (mj —my)
+ 4Re( ’Uﬁ;))%} ,

dr(P(d;) — V(d))yy1) _ 4*py | _4dmy,
dq? 2473 q*

2 2
p ijkl Zm/ ijkl 4m,
A2 00 (12 e (1)
(mp+my)? , 16m3, ijki 2 v ikl 4m,
+ | —FAlH) + AL (@) ) |1V P 1 + 1AL P11 -—F
( 2m3 1 72 n 7 p
3 ma,(m; +m;)?

2
p 1 4m 1 l 1
+§ Vv ( ) |f]kl|2< W>+|fjkl|2+4|f]kl|2 .

(m; +m;)? 7 q

Lkl ikl My (12 + 107)
— are(s 4 i) o)

For the decay of K; — 7, one must substitute

is'];d—’ 2Re(f12kl) ijkl_)\/—Im( 1240y
iS./'Il;l 2Re( 12kl)’ ”kl—m/'Im( 12kl>

APPENDIX C: FORM FACTORS

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

- _ m2 — m2
(P(dy)did|P(d) === fola?)
2 _m2 2
(B(d)|diy,d)|P(dy)) = [<pp Pl | L)+ 4 fola?),
_ 2i *
(V(d)|diysd)|P(d,)) = - ””Y(jm?)Ao(qZ),

- 2¢ epp
V(d)|diy,d:|P(d;)) = = LPZVy
V() dir,dy|P(e,)) = =2l PPV v (2,

KU {M(
2

(V(d;)|diy,rsd;|P(d;) = Ao(q2) = As(q2)) + A1 (¢7) g (mp + my)

(PP +Pv),u4

—Az(qz) mp + my

where € is the vector polarization of the vector meson and Ay(0) = A5(0). The form factor A;(g?) is given by
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m3+mv

Ax(d?) = A (g?) - A, (q? 2
3(q ) 2my 1(‘] ) 2my z(q ), (C )

and it is useful to introduce also
A(q?) = et my)*(my = my = )A(G) = Ao, 67, my) A (7). (©3)

B - K

The form factors f((¢*) and f,(g¢*) 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 Ay(g?) and A,(¢*) for the B — K*
transition are taken from Ref. [91], while A,(g?) is taken
from Ref. [92], and, again, are identical for the charged and
neutral channels.

B-nr

The form factors f,(¢*) and f,(¢*) for the B® —» n~
transition are taken from Ref. [93]. The form factors of

16mgm3,(mg + my)

the other channels are linked to these by isospin
symmetry.

B—-p

The form factors A;(q*) and A,(q¢*) for the B — p~
transition are taken from Ref. [87], while A,(g?) is taken
from Ref. [93]. The form factors of the other channels are
linked to these by isospin symmetry.

K-nr

The form factors f(¢?) and f,(g*) for the K® — 7~
transition are taken from Ref. [94]. The form factors of
the other channels are linked to these by isospin
symmetry.
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