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Abstract Belle II recently reported the first measurement
of B+ → K+ + inv, which is 2.8σ above the Standard
Model prediction. We explore the available parameter space
of new physics within Standard Model effective field theory
extended by sterile neutrinos (νSMEFT) and provide predic-
tions for the other B → K (�) + inv decay modes and invisi-
ble Bs decays. We also briefly comment on charged current
decays B → D(�)�ν̄ and possible ultraviolet completions of
the relevant νSMEFT operators.

1 Introduction

The Belle II experiment recently announced the first mea-
surement of B+ → K+ + inv with a branching ratio
of BR(B+ → K+ + inv) = (2.4 ± 0.7) × 10−5 [1],
which is 2.8σ above the Standard Model (SM) prediction
BR(B+ → K+νν̄)SM = (5.06 ± 0.14 ± 0.28) × 10−6 [2].
The result assumes 3-body decay kinematics as predicted
by the SM and is based on two independent analyses, one
inclusive analysis and one with a hadronic tag. While the
hadronic tag analysis is consistent with the SM prediction
within 1σ , the more sensitive inclusive tag analysis shows a
3σ deviation from the SM prediction. Together with the pre-
vious searches by Belle [3,4], BaBar [5] and Belle II [6], a
simple weighted average results in BR(B+ → K+ + inv) =
(1.4 ± 0.4) × 10−5 [1]. Motivated by the result, Refs. [7,8]
studied the implication within Standard Model effective
field theory (SMEFT) and Ref. [9] demonstrated that non-
universal lepton-flavour-conserving Z ′ models are not able
to accommodate the excess and thus proposed the intro-
duction of lepton-flavour-violating couplings. Several earlier
works [10–15] also proposed explanations for an excess in
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B+ → K+ + inv motivated by the result of the 2021 Belle II
analysis [6], which first used the inclusive tagging method.

One attractive explanation of the excess in B+ → K+ +
inv is an additional decay channel with undetected final
states, like sterile neutrinos [11,12], dark matter [13,16,17]
or more generally long-lived particles [14,18–22]. Addi-
tional light sterile neutrinos are particularly well motivated,
and occur in numerous minimal extensions of the SM, see
e.g. [23–28]. Light sterile neutrinos have been proposed as an
explanation of the deviation from lepton flavour universality
in R(D(�)) [25,29–35] by introducing new decay channels,
B → D(�)τN , with sterile neutrinos N . Light GeV-scale
sterile neutrinos may also explain neutrino masses via the
seesaw mechanism [36] like in the νMSM [37]. The lifetime
of sterile neutrinos is constrained from big bang nucleosyn-
thesis (BBN) to be shorter than 0.02 s [38]. Together with
searches for sterile neutrinos at beam dump experiments, this
translates into a lower bound on their mass in the minimal
seesaw model of O(350) MeV apart from a small mass win-
dow at 120–140 MeV [39]. Although the lower bound is
well below the B+ meson mass, the sterile neutrino mass
will become important for a relevant part of the parameter
space and thus should be included in the analysis.

B meson decays are best described within low energy
effective theory (LEFT). Most studies focus on vector oper-
ators [17,40–42], because they are predicted in the SM, but
sterile neutrinos motivate to extend the analysis to scalar and
tensor operators. The scenario of massless sterile neutrinos
has been discussed in [7,10,43–45] and the general case with
massive neutrinos has been considered by some of us in [12]
in terms of helicity amplitudes [46]. There are also recent
studies of B → K (�)νν̄ decays within SMEFT, which dis-
cuss the complementarity with other observables [7,45,47]
including comments on scalar operators with (massless)
right-handed neutrinos [7,45].

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-023-12326-9&domain=pdf
http://orcid.org/0000-0003-0738-0264
http://orcid.org/0000-0002-8895-0128
http://orcid.org/0000-0002-2207-7194
http://orcid.org/0000-0002-8792-5537
mailto:m.schmidt@unsw.edu.au


1135 Page 2 of 14 Eur. Phys. J. C (2023) 83 :1135

In this work, we will build on a previous analysis within
LEFT [12], but work within SM effective field theory
extended by sterile neutrinos (νSMEFT). Within the frame-
work of νSMEFT we consider additional decay channels
to sterile neutrinos including the full sterile neutrino mass
dependence and identify the viable regions of parameter
space which explain the excess in B+ → K+ + inv and
are consistent with the non-observation of the other three
B → K (�) + inv decay modes, invisible Bs decays and
measurements of charged current B → D(�)�ν̄ decays. We
also point out ultraviolet (UV) completions for the viable
νSMEFT operators.

The remainder of the paper is structured as follows.
In Sect. 2 we introduce the effective field theory (EFT)
framework, discuss both νSMEFT and LEFT and how
they are connected via renormalisation group (RG) run-
ning. The relevant observables are introduced in Sect. 3
and the results discussed in Sect. 4. Finally, possible UV
completions are presented in Sect. 5 before concluding
in Sect. 6. A few technical details are relegated to the
Appendix.

2 Effective field theory framework

Starting at dimension-6, there are operators in νSMEFT
which contribute to b → sνν at tree level. We focus on
the four semi-leptonic 4-fermion operators with sterile neu-
trinos [48]

L = CQN(Q̄γμQ)(N̄γ μN ) + CdN(d̄γμd)(N̄γ μN )

+CLNQd(L̄αN )εαβ(Q̄βd)

+CLNQdT(L̄ασμνN )εαβ(Q̄βσμνd), (1)

where Q, L and d are the SM left-handed quark doublet, left-
handed lepton doublet and right-handed down-type quark
singlet, respectively, and N denotes right-handed neutrinos,
i.e. right-handed SM singlet fermions. Flavour and colour
indices are suppressed,σμν = i

2 [γ μ, γ ν] and the Levi-Civita
tensor is defined with ε12 = 1. Assigning lepton number +1
to N , all four operators are lepton number conserving. In
contrast to [48], we introduce a tensor operator. This operator
basis is convenient as OLNQd and OLNQdT do not mix under
1-loop QCD renormalisation group (RG) running. The tensor
operator OLNQdT is related to the scalar operators in [48] via
a Fierz transformation

(L̄ασμνN )εαβ(Q̄βσμνd)

= −8(L̄αd)εαβ(Q̄βN ) − 4(L̄αN )εαβ(Q̄βd). (2)

For this analysis we define all νSMEFT operators at the
scale μ = 1 TeV. At the electroweak scale ΛEW = mZ ,
the νSMEFT operators are matched onto LEFT.

Only a few operators in LEFT are generated at tree level
from the set of νSMEFT operators introduced above. The
relevant interactions for b → sνν and b → c�ν processes
are described by the Lagrangian [49,50]

L =
∑

X=L ,R

CVLX
νd OVLX

νd +
(
CSLL

νd OSLL
νd + CTLL

νd OTLL
νd

+ CVLL
νeduOVLL

νedu + CSLL
νeduOSLL

νedu + CTLL
νeduOTLL

νedu + h.c.
)

(3)

with the effective operators

OVLX
νd = (νLγμνL)(dXγ μdX ),

OSLL
νd = (νcLνL)(dRdL),

OTLL
νd = (νcLσμννL)(dRσμνdL),

OVLL
νedu = (νLγμeL)(dLγ μuL),

OSLL
νedu = (νcLeL)(dRuL),

OTLL
νedu = (νcLσμνeL)(dRσμνuL).

(4)

Right-handed neutrinos N are expressed in terms of left-

handed Weyl spinors νL = Nc ≡ CN
T

with the charge
conjugation matrix C = iγ 2γ 0. SM neutrinos carry the gen-
eration index α = 1, 2, 3 and sterile neutrinos are labelled
with α ≥ 4.

Note that the scalar operatorOSLL
νd is symmetric in the neu-

trino flavours and the tensor operator OTLL
νd is antisymmet-

ric in the neutrino flavours, which can be straightforwardly
derived from

ψc
i Γ ψcj = ηΓ ψ jΓ ψi , C−1ΓC = ηΓ Γ T ,

ηΓ =
{

+1 for Γ = 1, γ5, γ
μγ5

−1 for Γ = γ μ, σμν, σμνγ5
. (5)

The other operators do not exhibit any manifest symmetry
properties.1

Thematching conditions have been obtained by trans-
lating the existing matching results in the literature [50–
52] to the operator basis we are using. All LEFT oper-
ators are given in the mass eigenstate basis, while the

1 There are further LEFT operators

OSLR
νd = (νcLνL )(dLdR) OVLR

νedu = (νLγμeL )(dRγ μuR)

OSRL
νedu = (νLeR)(dRuL ) OVRL

νedu = (νcLγμeR)(dLγ μuL )

OSLR
νedu = (νcLeL )(dLuR) OVRR

νedu = (νcLγμeR)(dRγ μuR)

OSRR
νedu = (νLeR)(dLuR) OTRR

νedu = (νLσμνeR)(dLσμνuR)

(6)

that also contribute to bespoke processes, but are not induced via tree-
level matching to the considered dimension-6 νSMEFT operators. They
are however referenced in Appendix A where the mapping onto the
S, P, V, A, T basis is presented.
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operators in νSMEFT are defined in the interaction basis,
where the charged leptons and down-type quarks are mass
eigenstates. Up-type quark mass eigenstates ûi and neu-
trino mass eigenstates ν̂i are related to the interaction basis
by

uα = (V †)αi ûi , να = Uαi ν̂i , (7)

where V denotes the Cabibbo–Kobayashi–Maskawa (CKM)
matrix, and U is the leptonic mixing matrix. The top-
left 3 × 3 sub-block of the leptonic mixing matrix U is
approximately given by the Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) matrix. For a large part of the parameter
space, (sterile) neutrino masses are negligible compared to
the B meson mass, mα � mB , and thus (sterile) neu-
trinos can be treated as massless and the PMNS matrix
is unphysical in this limiting case. Even for sterile neu-
trinos with GeV-scale masses, CHARM [53], NuTeV [54]
and DELPHI [55] constrain the active-sterile mixing to be
small, |U |2 � 10−5, for the relevant region in parame-
ter space. Thus, in the following we neglect leptonic mix-
ing and treat the sterile neutrinos as mass eigenstates, and
so drop the hats from the mass eigenstates for simplic-
ity.

At tree level, we find the following non-vanishing down-
quark flavour-violating Wilson coefficients for b → sνν pro-
cesses and vector operators with α, β ≥ 4

CVLL
νd,αβsb = −CQN

sb(β−3)(α−3),

CVLR
νd,αβsb = −CdN

sb(β−3)(α−3),
(8)

and for the scalar and tensor operators

CSLL
νd,αβsb =

{
1
2C

LNQd∗
β(α−3)bs α ≥ 4; 1 ≤ β ≤ 3

1
2C

LNQd∗
α(β−3)bs 1 ≤ α ≤ 3; β ≥ 4

,

CSLL
νd,αβbs =

{
1
2C

LNQd∗
β(α−3)sb α ≥ 4; 1 ≤ β ≤ 3

1
2C

LNQd∗
α(β−3)sb 1 ≤ α ≤ 3; β ≥ 4

,

CTLL
νd,αβsb =

{
1
2C

LNQdT∗
β(α−3)bs α ≥ 4; 1 ≤ β ≤ 3

− 1
2C

LNQdT∗
α(β−3)bs 1 ≤ α ≤ 3; β ≥ 4

.

CTLL
νd,αβbs =

{
1
2C

LNQdT∗
β(α−3)sb α ≥ 4; 1 ≤ β ≤ 3

− 1
2C

LNQdT∗
α(β−3)sb 1 ≤ α ≤ 3; β ≥ 4

.

(9)

Note, we explicitly (anti-)symmetrised the scalar (tensor)
Wilson coefficients. Furthermore, at tree level the non-
vanishing LEFT operators for b → c�ν processes are given
by scalar and tensor operators which are matched to νSMEFT
operators

CSLL
νedu,αβbc = −V ∗

cmC
LNQd∗
β(α−3)mb,

CTLL
νedu,αβbc = −V ∗

cmC
LNQdT∗
β(α−3)mb with α ≥ 4.

(10)

In addition to the contribution from νSMEFT dimension-6
operators, the SM contribution to the LEFT operators rele-
vant for b → s, c processes can be summarised as

CVLL,SM
νd,αβsb = −4GF√

2

α

2π
V ∗
tsVtb

X

sin2 θw

δαβ,

CVLL,SM
νedu,αβbc = −4GF√

2
V ∗
cbδαβ

(11)

in terms of the function X [56]. The Wilson coefficient for
b → sνν̄ includes electroweak corrections induced by top
quarks at 2-loop order, which are numerically given by X =
6.3772 sin2 θw [57–59].

The dominant RG corrections originate from strong inter-
actions. While the (axial-)vector current operators do not
receive QCD corrections at 1-loop order, scalar and tensor
operators receive RG corrections. The 1-loop RG equations
for the scalar and tensor Wilson coefficients CS and CT are

d lnCS

d ln μ
= −3CF

αs

2π
,

d lnCT

d ln μ
= CF

αs

2π
, (12)

with the second Casimir invariant CF = (N 2
c − 1)/2Nc =

4/3 for Nc = 3 and αs = g2
s /4π . Taking into account 1-loop

QCD running, we arrive at

CS(μ1) =
(

αs(μ2)

αs(μ1)

)3CF/b

CS(μ2),

CT (μ1) =
(

αs(μ2)

αs(μ1)

)−CF/b

CT (μ2),

(13)

where b = −11 + 2
3n f and n f is the number of active quark

flavours. As there is no operator mixing for 1-loop QCD
running in the chosen operator basis, there is a one-to-one
correspondence between a given LEFT Wilson coefficient at
the hadronic scale μ = 4.8 GeV and the νSMEFT Wilson
coefficient at μ = 1 TeV: All scalar LEFT operators are
rescaled with the factor 1.608 and tensor operators with 0.853
compared to the result from matching νSMEFT to LEFT.

3 Phenomenology

Belle II measured [1] the decay B+ → K+ + inv with a
branching ratio of BR(B+ → K+ + inv) = (2.4 ± 0.7) ×
10−5 assuming a 3-body decay with massless neutrinos,
which is above the 90% CL exclusion limit of BR(B+ →
K+ + inv) < 1.6 × 10−5 [5]. Together with the previ-
ous searches for B+ → K+ + inv [4,5,60], the Belle
II measurement results in a simple weighted average of
BR(B+ → K+ + inv) = (1.4 ± 0.4) × 10−5 [1]. The
other searches for B → K (�) + inv so far only resulted in
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Fig. 1 Differential branching ratio as a function of the missing invari-
ant mass squared q2 for vector (blue), scalar (red) and tensor (black)
operators. All Wilson coefficients are fixed toC = 0.01 TeV−2 at μ = 1
TeV and the SM contribution is taken into account. The solid lines are
for massless sterile neutrinos and the dashed line for a sterile neutrino
of mass m1 = 1.5 GeV

upper limits of BR(B0 → K 0 + inv) < 2.6 × 10−5 [4],2

BR(B0 → K �0 + inv) < 1.8 × 10−5 [4], and BR(B+ →
K �+ + inv) < 4.0 × 10−5 [3].

The short-distance contributions to the differential decay
rates of semi-leptonic B meson decays are straightforwardly
expressed in terms of helicity amplitudes

dΓ (B̄ → K̄νανβ)

dq2 = 1

4(1 + δαβ)
G(0)(q2),

dΓ (B̄ → K̄ �(→ K̄π)νανβ)

dq2 = 3

4(1 + δαβ)
G0,0

0 (q2),

(14)

where the coefficients G(0)(q2) and G0,0
0 (q2) of the Wigner-

D functions are defined in [46] with the replacements for
neutrinos as discussed in [12] and q2 denotes the missing
invariant mass squared carried away by the two neutrinos.3

Kinematics constrains q2 to lie in the range (mα + mβ)2 ≤
q2 ≤ (mB+ − mK+)2. We use the recently published
B → K (�) form factors from [61] with the parametrisa-
tion defined in [62]. Following [63], we increase the B →
K �νν branching ratios by 20% to account for finite-width
effects.

Note that massive sterile neutrinos and the Lorentz struc-
ture of the operators result in modifications to the q2 distri-
bution compared to the SM prediction, see e.g. [12], which
is illustrated in Fig. 1 for B+ → K+νν. The q2 distributions
of B → K (�)νν decays are also dependent on the sterile

2 Reference [4] quotes the upper bound on the branching ratio for B0 →
K 0

Sνν which we translated to B0 → K 0νν.
3 Note, in contrast to [12], the symmetry factor (1 + δαβ) for identi-
cal neutrinos has been explicitly included in the differential decay rate
instead of the normalisation factor N .

neutrino mass and Lorentz structure of the operators. Heavy
sterile neutrinos do not contribute below q2 < 4m2

1 for the
vector operators OQN and OdN and q2 < m2

1 for scalar oper-
ators OLdQN and tensor operators OLdQNT. Below the kine-
matic cutoff for sterile neutrinos, the dashed lines in Fig. 1
approach the SM prediction. In comparison to vector oper-
ators, scalar and tensor operators are enhanced for large q2.
The experimental efficiency however is largest for small q2

and reduced for large q2. As there is currently no publicly
available q2 distribution which could be used for recasting
the Belle II result [1], we only consider branching ratios and
do not take into account modifications to the q2 distribution.
Viable regions of parameter space which explain the branch-
ing ratio measured by Belle II can only be taken as indicative
and we would like to stress the need for a more detailed dis-
cussion of sterile neutrino final states based on the full q2

distribution.
In addition to the short-distance contribution, there is a

long-distance tree-level contribution to B+ → K (�)+νν̄ in
the SM. [64] It is mediated by a τ lepton, B+ → τ+(→
K (�)+ν̄τ )ντ . The interference between the long-distance and
short-distance contributions is negligible due to the nar-
row τ resonance [64] and thus the total branching ratio for
B+ → K (�)+νν̄ is approximately obtained by summing the
short- and long-distance contributions. Although the long-
distance contribution is subdominant, since it only amounts
to about 10% of the short-distance contribution, we never-
theless include it in the numerical analysis.

Another relevant decay channel is the invisible decay of Bs

mesons. Reference [65] recently derived a first upper bound
on the branching ratio of invisible Bs decays using LEP data
with BR(Bs → inv) < 5.9 × 10−4. It may also be probed
at the Belle II experiment: Using an integrated luminosity of
5 ab−1 allows to probe BR(Bs → inv) > 1.1 × 10−5 [66].
The branching ratio for identical final state neutrinos is given
by

BR(Bs → νανα) = τBsm
3
Bs

f 2
Bs

32π

×
( ∣∣∣CVLR

νd,ααsb − CVLL
νd,ααsb

∣∣∣
2
x2
α

√
1 − 4x2

α

+
∣∣∣CSLL∗

νd,ααbs − CSLL
νd,ααsb

∣∣∣
2 (1 − 4x2

α)3/2

4 x2
b

+
∣∣∣CSLL∗

νd,ααbs + CSLL
νd,ααsb

∣∣∣
2

√
1 − 4x2

α

4 x2
b

+ Re
[
(CVLR

νd,ααsb − CVLL
νd,ααsb)(C

SLL
νd,ααbs + CSLL∗

νd,ααsb)
]

× xα

√
1 − 4x2

α

xb

)
,

(15)
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with xα = mα/mBs and xb = mb/mBs . The general expres-
sion for different neutrino final states is presented in App. B.
Vector contributions are helicity suppressed and thus in the
limit of vanishing sterile neutrino masses, there is only a
contribution from scalar operators [7,45]

BR(Bs → νανα) = τBsm
5
Bs

f 2
Bs

64πm2
b

×
(∣∣∣CSLL

νd,ααbs

∣∣∣
2 +

∣∣∣CSLL
νd,ααsb

∣∣∣
2
)

. (16)

Directly related to the discussed processes are the rare
decays Bs → φνν and Λb → Λ(�)νν which provide inde-
pendent information. The differential branching ratio for
Bs → φνν has the same form as the one for B → K ∗νν

with the form factors replaced by the Bs → φ form factors
presented in [61]. See [67] for a calculation in SMEFT. The
differential branching ratio for Λb → Λ(�)νν̄ has been cal-
culated in [68] within SMEFT. Within νSMEFT it may be
obtained from the differential branching ratio for the rare Λb

decay with charged leptons, see [69], similar to the discus-
sion of B → K (�)νν in [12]. These channels are inaccessible
at the Belle II experiment running at the Υ (4S) resonance,
but a Tera-Z experiment such as FCC-ee or CEPC may be
able to measure these channels as pointed out in [70,71].
Given the uncertain experimental situation, we leave the dis-
cussion of these channels for future work. If the anomaly
persists, it will be highly interesting to measure Bs → φνν

and Λb → Λ(�)νν to pin down the Lorentz structure of the
effective operators.

Additional constraints arise from light-lepton flavour uni-
versality ratios for charged current processes b → c�ν̄.
The differential branching ratios are obtained by exchanging
να → eα in Eq. (14) and dropping the factors (1 + δαβ) for
identical final state particles, see also [72]. The relevant form
factors for B → D(�) are taken from [73]. Three different
ratios have been measured: Belle measured BR(B→Dμν)

BR(B→Deν)
=

0.995±0.045 [74] which is consistent with the SM prediction

of 0.997. Similarly, the measurement of BR(B0→D�−e+ν)

BR(B0→D�−μ+ν)
=

1.01 ± 0.032 by Belle [66] is consistent with the SM predic-
tion of 1.005. Most recently, Belle II measured the inclusive
ratio BR(B→Xeν)

BR(B→Xμν)
= 1.007 ± 0.009 ± 0.019 [75] which also

agrees with the SM prediction of 1.006 ± 0.001 [76]. The
deviation from unity in the three ratios originates from phase
space suppression due to the muon mass.

Although the charged current processes are well con-
strained, they do not provide competitive constraints. In our
analysis we find that they are always subdominant compared
to other rare B meson decays B → K (�) + inv and are thus
not included in the discussion of Sect. 4. This can be under-
stood from the different sizes of the SM contributions to
the different processes: While charged current processes are
induced at tree level in the SM via W boson exchange, rare

decays are only induced at loop level and are further sup-
pressed by the Glashow–Iliopoulos–Maiani (GIM) mecha-
nism. The new physics contributions from the operators in
Eq. (1) are however of the same size for both charged-current
and neutral-current processes. Finally, colliders may be used
to search for new charged-current semi-leptonic operators,
see e.g. [77,78], which results in constraints on the new
physics scale in the O(1−10) TeV range. Long-lived sterile
neutrinos from meson decays may also be searched for at
the proposed far-forward detectors at the (high-luminosity)
LHC, SHiP and Belle II, see e.g. [79–81]. There are currently
no constraints from leptonic Bc decays.

4 Results

In the following we focus on the rare B meson decay B →
K (�) + inv and present first an analysis with one operator
being switched on at a time, which is followed by a discussion
of correlations between pairs of operators.

In Fig. 2 we illustrate how a single operator may explain
the observed decay B+ → K++inv as a function of the ster-
ile neutrino mass m1. The light-blue band indicates the 1σ -
allowed region of parameter space which explains the sim-
ple weighted average for BR(B+ → K++ inv). The hatched
light-blue region indicates the parameter space explaining the
Belle II measurement. Wilson coefficients above the solid red
and green contour lines are excluded at 90% CL by the non-
observation of B0 → K �0+inv and B0 → K 0+inv, respec-
tively. The results do not depend on the neutrino flavour. In
particular, the results are unchanged, when changing from
first generation lepton doublets to second or third generation
lepton doublets. We do not show plots for the scalar and ten-
sor operators with a right-handed strange quark. They yield
identical results as the operators with a left-handed strange
quark, because the branching ratios are invariant under the
exchange s ↔ b for the LEFT scalar and tensor operators.

Figure 2 (bottom) clearly shows that tensor operators are
not able to explain the observed excess in B+ → K+ + inv.
The constraint from B → K � + inv is weakened for large
sterile neutrino masses m1 ∼ 4 GeV because of the larger
mass of the K � meson and thus reduced phase space. As
large sterile neutrino masses modify the q2 distribution and
the experimental efficiency is generally lower for large q2, a
more careful analysis using the full q2 distribution is required
in this case. The result is independent of the lepton flavour
and the same result applies to the tensor operator with right-
handed strange quarks.

While vector operators OQN with massless sterile neu-
trinos are clearly excluded as explanation, Fig. 2 (top left)
suggests the ability to explain the observed excess for ster-
ile neutrino masses of m1 � 1.5 GeV. This feature is again
due to the smaller phase space for decays to K � mesons and
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Fig. 2 The red (green) contour line stands for the present bound on
BR(B0 → K �0(K 0) + inv), and the respective regions above these
lines are therefore ruled out. The light-blue band symbolises the simple

weighted average for BR(B+ → K+ + inv), and the hatched light-blue
region is compatible with the 2023 Belle II measurement

requires a more detailed analysis using the q2 distribution
to arrive at a conclusive result. The same conclusion holds
for the vector operator OdN with right-handed down-type
quarks.

As shown in Fig. 2 (top right), the most promising expla-
nation of the observed excess is provided by scalar operators
OLNQd whose contribution to B → K �νν is suppressed. This
opens up the possibility to explain the observed excess for
the whole allowed sterile neutrino mass range. Note, although
scalar operators with massless neutrinos do not have a sharp
cutoff in the q2 distribution, they dominantly contribute to
the large q2 region as illustrated in Fig. 1. As it has been
pointed out in [7,45], the Belle II experiment is able to con-
strain them by searching for invisible Bs decays which are
currently unconstrained.

In the following we focus on scalar and vector operators
which are most promising to explain the observed excess in
B+ → K+ + inv. Figure 3 shows the dependence of the
(total) branching ratio BR(B+ → K+νν) as a function of
the Wilson coefficient for two benchmark masses of m1 =
0 (1.5) GeV on the left (right). The vertical red (green) line
indicates the most stringent constraint from B → K � + inv

(B → K + inv), which excludes the region to the right of the
line. The horizontal light-blue bands again indicate the region
preferred by B+ → K+ + inv. Figure 3 (top row) shows the
branching ratio as a function of the Wilson coefficient for
the vector operator OQN

2311 with left-handed quark doublets.
The top-left figure clearly illustrates the conflict between the
measurement of B+ → K++inv and the non-observation of
B0 → K �0+inv for massless sterile neutrinos. Form1 = 1.5
GeV, B0 → K �0 + inv constrains CQN

2311 ≤ 0.037 TeV−2,
which limits the excess in B+ → K+ + inv to the region
allowed by the simple weighted average, but precludes an
explanation of the larger branching ratio measured by Belle
II. The same result applies for the vector operator OdN with
right-handed down-type quarks. Similarly, Fig. 3 (bottom
row) illustrates the dependence of BR(B+ → K+νν) on
the scalar Wilson coefficient CLNQd

2123 . The region to the left of
the vertical green and red lines is consistent with the neutral
decay modes B0 → K �0νν and thus the scalar operators are
able to explain the observed excess.

In order to compare how future experimental results may
impact the conclusions, we show in Fig. 4 the branching ratios
for invisible Bs decay (black), B0 → K �0νν (red), B+ →
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Fig. 3 The red (green) line stands for the present bound on BR(B0 →
K �0(K 0)+ inv), and the respective regions to the right of these lines are
therefore ruled out. The light-blue band symbolises the simple weighted
average for BR(B+ → K+ + inv), and the hatched light-blue region

is compatible with the 2023 Belle II measurement. The plots in the top
row also apply to the operator OdN and the plots in the bottom row also
apply to OLNQd

2132

K �+νν (orange), B0 → K 0νν (green), and B+ → K+νν

(blue) as a function of the scalar CLNQd
2123 and vector CQN

2311
Wilson coefficient as solid lines and the current upper limits
as dashed lines. The region to the right of the intersection
of the dashed and solid lines of the same colour is already
excluded. The branching ratios of the charged and neutral B
meson decay channels are approximately equal due to isospin
symmetry. Belle II provided a detailed study of future sensi-
tivities in [82]: In particular with an integrated luminosity of
1 ab−1, Belle II is sensitive to the signal strength of 2.06 for

B0 → K 0 + inv and thus is able to probe the entire region
favoured by B+ → K+ + inv. An improved analysis may
even reach a signal strength of 1.37. Similarly, the expected
sensitivities for the decays B → K � + inv are 1.08(0.72)

and 2.04(1.45) for the neutral and charged B meson decays,
where we indicated the expected improved sensitivities in
parentheses. Hence, also the searches for B0 → K �0 + inv
are able to probe most of the preferred parameter space for
scalar operators, while B+ → K �++inv is less sensitive. For
the vector operator explanation, the decays B → K �νν are
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Fig. 4 Branching ratios of several decay modes as a function of the
scalar (left) and vector (right) Wilson coefficients for fixed sterile neu-
trino mass. The dashed horizontal contours indicate the current upper
bounds for B0 → K �0 + inv (red), B+ → K �+ + inv (orange),

B0 → K 0 + inv (green), and Bs → inv (black). The light-blue band
symbolises the simple weighted average for BR(B+ → K+ + inv)
and the hatched light-blue region is compatible with the 2023 Belle II
measurement

not expected to be sensitive to the whole preferred parameter
space.

There is currently only a weak upper limit on the branch-
ing ratio of invisible Bs decays based on LEP data [65]. Belle
II’s ability to probe BR(Bs → inv) � 1.1 × 10−5 with an
integrated luminosity of 5 ab−1 [66] will provide a conclusive
test of the described explanations of B+ → K+νν for both
scalar and vector operators. The scalar operator contribution
is not helicity suppressed, as outlined in Sect. 3, and thus
the invisible Bs decay is sensitive to the full sterile neutrino
mass range. The vector operator contribution is helicity sup-
pressed, but the explanation of the excess in B+ → K++inv
requires large sterile neutrino massesm1 � 1.5 GeV and thus
invisible Bs decays are also able to probe the vector operator
scenario.

We finally turn our attention to correlations between dif-
ferent operators. In Fig. 5, we present the 90% CL exclusion
contours for B0 → K �0+inv (B0 → K 0+inv) in red (green)
using the current upper limits [3,4]. Larger Wilson coeffi-
cients are excluded. The constraint from B+ → K �++ inv is
weaker than B0 → K �0 + inv and thus not shown for clarity.
Similar to above, the blue-shaded region indicates the simple
weighted average for BR(B+ → K+ + inv) and the hatched
region the 2023 Belle II measurement of B+ → K+ + inv.

Figure 5 (top row) illustrates the correlation between
the vector operators with right-handed down-type quarks,
OdN

2311, and left-handed quark doublets, OQN
2311. Their con-

tribution to the branching ratio of B → Kνν is propor-

tional to
∣∣∣CQN

2311 + CdN
2311

∣∣∣
2
, while for the branching ratios of

B → K �νν there are two independent contributions pro-
portional to the square of the sum and difference of the two
Wilson coefficients. This explains the shape of the contour
lines: While the non-observation of B → K � + inv results in
an elliptical exclusion region, the decay B → Kνν is insensi-
tive toCQN

2311 = −CdN
2311 and thus the search for B → K + inv

is unable to probe this direction in parameter space. Increas-
ing the sterile neutrino mass to m1 = 1.5 GeV, see Fig. 5
(top right), reduces the contribution to B → K �νν and thus
weakens the B → K � + inv constraint. Consequently, the
allowed region inside the red ellipse widens.

The plots in Fig. 5 (bottom row) show the correlation
between the scalar operator OLNQd

2123 and the vector operator

OQN
2311 with left-handed quark doublets. The elliptical exclu-

sion regions are due to the absence of complete cancellations
between the two operators. In fact, there is no interference
between the two operators in the massless limit. The bottom-
left plot clearly shows the preference for the pure scalar
operator scenario for massless sterile neutrinos. For massive
sterile neutrinos, the constraint from B → K � + inv weak-
ens. The bottom-right plot shows the case with m1 = 1.5
GeV, where the dominant constraint originates from B0 →
K �0 + inv and the constraint from B → K 0 + inv is sub-
dominant. The same conclusions holds, if the quark flavours
of the scalar operator are exchanged, s ↔ b, or if the vector
operator OdN with right-handed down-type quarks is consid-
ered.
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Fig. 5 The red (green) contour line stands for the present bound on
BR(B0 → K �0(K 0)+ inv), and the respective regions outside of these
lines are therefore ruled out. The light-blue band symbolises the simple

weighted average for BR(B+ → K+ + inv), and the hatched light-blue
region is compatible with the 2023 Belle II measurement

5 UV completions

We briefly outline possible UV completions for the scalar
and vector operators discussed in the previous section, see
[83] for a detailed discussion of tree-level UV completions
of dimension-6 operators in νSMEFT. The most straight-
forward UV completion of the scalar operator OLNQd is pro-
vided by a second electroweak doublet scalar η ∼ (1, 2,− 1

2 )

with its Yukawa interactions L̄ Nη and Q̄iσ2η
∗d. Integrat-

ing out the electroweak doublet scalar η results in the scalar
operator OLNQd, but it also generates the 4-fermion opera-
tors (L̄γμL)(N̄γ μN ) and (Q̄γμQ)(d̄γμd). The latter con-
tributes to Bs − Bs mixing and the former to charged lepton

decays �i → � j + inv which both have to be considered in a
UV-complete model. The required size of the scalar Wilson
coefficient CLNQd ∼ 0.02 TeV−2 requires the electroweak
doublet scalar to have a mass of at mostO(7) TeV for Yukawa
couplings of order unity.

The vector operators are straightforwardly generated
using leptoquarks, see e.g. [84] for a review. The S1 ∼
(3̄, 1, 1

3 ) leptoquark leads to the operator OdN via its Yukawa
interaction NcS1d and thus does not contribute to Bs − Bs

mixing at tree level. Its other leptoquark couplings generate
the SMEFT operators Oeu, and OLeQu(1,3), and OLQ(1,3), see
e.g. [85]. Similarly, the leptoquark R̃2 ∼ (3, 2, 1

6 ) may gen-
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erate the operator OQN via its Yukawa interaction QR̃2N ,
which does not contribute to Bs − Bs mixing at tree level. Its
other Yukawa interaction d̄ R̃2L contributes to the SMEFT
operator OLd [85]. The required size of the vector Wilson
coefficient CQN,dN ∼ 0.03 TeV−2 requires the leptoquark to
have a mass of at most O(6) TeV for Yukawa couplings of
order unity. The operators OLQ(1,3) and OLd may also con-
tribute to B → K (�)νν, but they are strongly constrained by
searches for B → K (�)��̄ for light charged leptons �, see
e.g. [7,45].

6 Conclusions

We studied how the recently observed excess in B+ → K++
inv may be explained within νSMEFT. WithinνSMEFT there
are four 4-fermion operators with sterile neutrinos which may
contribute to B+ → K+ + inv: two vector, one scalar and
one tensor operator. We would like to stress that massive ster-
ile neutrinos and scalar and tensor operators modify the q2

distribution with respect to the SM prediction based on mass-
less neutrinos contributing via a vector operator. The present
analysis is entirely based on the branching ratios and we
only comment on the q2 distribution, because it is currently
not available. The tensor operator is strongly constrained by
B0 → K �0 + inv and thus is not able to significantly con-
tribute to B+ → K+ + inv.

We find that the excess in B+ → K++inv is most straight-
forwardly explained by scalar operators with sterile neutrinos
irrespective of their mass. This scenario can be conclusively
probed using invisible Bs decays at Belle II and the rare semi-
leptonic decay B0 → K (�)0 + inv in the near future using
1 ab−1 of data. Vector operators may be able to explain the
excess of B+ → K+ + inv for intermediate sterile neutrino
masses of m1 � 1.5 GeV assuming no significant changes
to the q2 distribution. While B → K � + inv strongly con-
strains this possibility for light sterile neutrinos, the decay
B → K � + inv is less sensitive for sterile neutrino masses
m1 ∼ 1.5 GeV due to phase space suppression, but still
provides a constraint. Most of the parameter space of this
solution can similarly be probed with the invisible Bs decay
and B0 → K (�)0 + inv.

We finally outline tree-level UV completions for the scalar
and vector operators. The scalar operator may be generated
using an electroweak doublet scalar, which however also con-
tributes to Bs − Bs mixing at tree level. The vector operators
can be straightforwardly generated using leptoquarks: the S1

leptoquark may result in OdN and the R̃2 leptoquark in OQN.
Generally, all UV completions also generate other νSMEFT
operators, but for the two leptoquarks it is in principle possi-
ble to avoid them. It however requires to set all other Yukawa
couplings to zero, which may be considered unnatural. This
motivates to consider the full set of relevant νSMEFT oper-
ators in a future study and to investigate explanations of the

excess in UV complete models together with other observ-
ables.

Acknowledgements MS would like to thank Yi Cai for useful dis-
cussions. AG and RM would like to thank Michael A. Schmidt for the
kind hospitality during their visit to UNSW funded by the Gordon God-
frey bequest. All figures have been produced using matplotlib [86].
MS and TF acknowledge support by the Australian Research Council
Discovery Project DP200101470.

Funding This work has been funded by the Australian Research Coun-
cil through the Discovery Project DP200101470 and the UNSW Gordon
Godfrey bequest, a university-internal funding.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All figures in
the paper can be reproduced with the analytical results provided in the
article together with publicly available data and results which have been
referenced.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3. SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

A S, P, V, A,T basis

For the calculation it is convenient to employ a basis with
well-defined parity properties which has been used in [46].
In this appendix we provide the matching of the chiral LEFT
basis used in the main part of the text to this basis both for
charged current operators with Dirac fermions and neutral
current neutrino-quark operators with Majorana fermions.

A.1 Charged current operators with Dirac fermions

We define the operator basis as

L = cH
∑

i

∑

α,β

(Ci,αβOi,αβ + C ′
i,αβO

′
i,αβ), (17)

where i runs over S, P, V, A, T and cH determines the nor-
malisation of the operators. Similar to [12] we use cH = 1,
which differs from [46] where the normalisation cH =
4GF√

2
α

4π
V ∗
tsVtb has been used. The operators are

OS(P)αβ = (cLb)(eα(γ5)νβ),

OV (A)αβ = (cLγ μb)(eαγμ(γ5)νβ),

OT αβ = (cLσμνb)(eασμννβ).

(18)
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The primed operators are obtained by replacing cL →
cR , i.e. O′ = O|cL→cR where qL ,R ≡ PL ,Rq. The Wilson
coefficients in the S, P, V, A, T basis are given in terms of
the chiral basis by

CVαβ = 1

2

(
CVRL∗

νedu,βαbc + CVLL∗
νedu,βαbc

)
,

CAαβ = 1

2

(
CVRL∗

νedu,βαbc − CVLL∗
νedu,βαbc

)
,

C ′
Vαβ = 1

2

(
CVRR∗

νedu,βαbc + CVLR∗
νedu,βαbc

)
,

C ′
Aαβ = 1

2

(
CVRR∗

νedu,βαbc − CVLR∗
νedu,βαbc

)
,

CSαβ = 1

2

(
CSLL∗

νedu,βαbc + CSRL∗
νedu,βαbc

)
,

CPαβ = 1

2

(
CSLL∗

νedu,βαbc − CSRL∗
νedu,βαbc

)
,

C ′
Sαβ = 1

2

(
CSLR∗

νedu,βαbc + CSRR∗
νedu,βαbc

)
,

C ′
Pαβ = 1

2

(
CSLR∗

νedu,βαbc − CSRR∗
νedu,βαbc

)
,

CTαβ = CTLL∗
νedu,βαbc,

C ′
Tαβ = CTRR∗

νedu,βαbc.

(19)

A.2 Neutral current neutrino-quark operators with
Majorana neutrinos

Following [12] we define the leptonic helicity amplitudes
for Majorana spinors with an additional factor of 1/2 in the
effective Lagrangian, such that the leptonic helicity ampli-
tudes have the same form as for Dirac fermions. The effective
Lagrangian is thus given by

L = 1

2
cH

∑

i

∑

α,β

(Ci,αβOi,αβ + C ′
i,αβO

′
i,αβ). (20)

The operators with Majorana neutrinos are obtained from
Eq. (18) using eα → να and c → s. The operators have well-
defined symmetry properties: the (pseudo-)scalar and axial-
vector operators are symmetric in the neutrino flavour indices
and the vector and tensor operators are antisymmetric. We
find for the Wilson coefficients using the S, P, V, A, T basis

CVαβ = CVLL
νd,[αβ]sb,

CAαβ = −CVLL
νd,(αβ)sb,

C ′
Vαβ = CVLR

νd,[αβ]sb,
C ′

Aαβ = −CVLR
νd,(αβ)sb,

CSαβ = CSLR
νd,(αβ)sb + CSLL∗

νd,(βα)bs,

CPαβ = −CSLR
νd,(αβ)sb + CSLL∗

νd,(βα)bs,

C ′
Sαβ = CSLL

νd,(αβ)sb + CSLR∗
νd,(βα)bs,

C ′
Pαβ = −CSLL

νd,(αβ)sb + CSLR∗
νd,(βα)bs,

CT αβ = 2CTLL∗
νd,[βα]bs,

C ′
T αβ = 2CTLL

νd,[αβ]sb, (21)

where α, β denote the neutrino flavours. Parentheses (…)
indicate symmetrisation and square brackets […] indicate
anti-symmetrisation of the neutrino flavour indices as in

M(ab) ≡ 1

2
(Mab + Mba) , M[ab] ≡ 1

2
(Mab − Mba) .

(22)

B Bs → νν

An important observable is given by invisible Bs decays.
In this section, we provide the general branching ratio for
Bs → νανβ . We define the form factors

〈
0|s̄γ μγ5b|B̄s(P)

〉 = i fBs P
μ,

〈
0|s̄γ5b|B̄s(P)

〉 = −i
hBs

mb + ms
,

(23)

where the scalar and vector form factors are related by
hBs = m2

Bs
fBs . Using the S, P, V, A, T basis, we find for

the branching ratio of Bs → νανβ

BR(Bs → νανβ) = λ1/2(1, x2
α, x2

β)τBsm
3
Bs

f 2
Bs

64π(1 + δαβ)

×
( ∣∣∣CVαβ − C ′

Vαβ

∣∣∣
2
(1 − (xα + xβ)2)(xα − xβ)2

+
∣∣∣CAαβ − C ′

Aαβ

∣∣∣
2
(1 − (xα − xβ)2)(xα + xβ)2

+
∣∣∣CSαβ − C ′

Sαβ

∣∣∣
2 1 − (xα + xβ)2

(xb + xs)2

+
∣∣∣CPαβ − C ′

Pαβ

∣∣∣
2 1 − (xα − xβ)2

(xb + xs)2

+2 Re
[
(CVαβ − C ′

Vαβ)(CSαβ − C ′
Sαβ)∗

]

× xα(1 − xαxβ − x2
α) − xβ(1 − xαxβ − x2

β)

xb + xs

+2 Re
[
(CAαβ − C ′

Aαβ)(CPαβ − C ′
Pαβ)∗

]

× xα(1 + xαxβ − x2
α) + xβ(1 + xαxβ − x2

β)

xb + xs

)
, (24)

with xα = mα

mBs
and the Källén function λ(x, y, z) ≡ x2 +

y2 + z2 −2xy−2xz−2yz. There is no interference between
the operators with different neutrino exchange symmetry and
there is no contribution from tensor operators. The branching
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ratio is symmetric in the final state neutrino flavours. For
identical final state neutrinos the branching ratio reduces to

BR(Bs → νανα) = τBsm
3
Bs

f 2
Bs

128π

×
(

4
∣∣CAαα − C ′

Aαα

∣∣2
x2
α

√
1 − 4x2

α

+ ∣∣CSαα − C ′
Sαα

∣∣2 (1 − 4x2
α)3/2

x2
b

+ ∣∣CPαα − C ′
Pαα

∣∣2
√

1 − 4x2
α

x2
b

+4 Re
[
(CAαα − C ′

Aαα)(CPαα − C ′
Pαα)∗

]

× xα

√
1 − 4x2

α

xb

)
, (25)

where we used xs � xb.
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