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Abstract The first observation of B (
B+ → K+νν

)
by

the Belle II experiment lies almost 3σ away from the
Standard Model expectation. In this letter we study this
result in the SMEFT, extended by a light right-handed neu-
trino. We explore the correlations between the measured
decay rate and other observables, such as B (B → K ∗νν)

and FL (B → K ∗νν), showing that they could disentangle
among scenarios involving left-handed neutrinos and those
with the right-handed ones. Furthermore, we find that the
high-pT tails of Drell–Yan processes studied at LHC pro-
vide important constraints that help us exclude some of the
scenarios consistent with the Belle II result.

1 Introduction

Flavor changing neutral current (FCNC) processes are one of
the best arenas for observing indirect effects of new physics
(NP), given that in the Standard Model (SM) they are only
allowed at the loop level and further suppressed due to the
unitarity of the CKM matrix. Thus, their measurement has
the potential to reveal the presence of beyond the SM (BSM)
states running in the loops. One such process is b → sll,
where l can either be a charged lepton or a neutrino.

Over the past decade, the B → K (∗)μμ decays were
extensively studied in different experimental setups at LHC
[1–5]. The theoretical expectations for these observables are,
however, hindered by large hadronic uncertainties due to the
presence of long-distance effects involving cc̄-resonances
[6]. This is not the case for the semileptonic decay into a
pair of neutrinos, making it a much cleaner observable [7–
11] from the theoretical perspective.
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Belle II recently reported on the evidence for B+ → K++
inv, with a branching fraction [12],

B (
B+ → K+ + inv

)exp = (2.3 ± 0.7) × 10−5. (1)

When compared with the SM prediction, for which recent
results based on determinations of the relevant form factors
on the lattice [13,14] found [15]

B (
B+ → K+νν

)SM = (4.44 ± 0.30) × 10−6, (2)

the experimental measurement is around 2.7σ above the SM
result. The possibility of explaining this excess in terms of
NP has been considered in several different scenarios [16–
33], ranging from its description within the SM effective field
theory (EFT) assuming the NP particles to lie above the elec-
troweak (EW) scale (see e.g. Refs. [17,18]), to considerations
involving the decay into some dark sector particle mimicking
the neutrinos in the final state [20,21,30,33].

Given the necessity of explaining the origin of neutrino
masses, in this letter we will consider the possibility that
one of the singlet neutrinos, necessary to generate neutrino
masses in the Type-I seesaw and its variants [34–44], is light
enough to play a role in the b → sνν transition, while any
other NP effect is assumed to lie way above the EW scale.

We study the effect of all relevant dimension 6 four-
fermion operators in the so-called νSMEFT [45]. Contri-
butions from operators involving only the SM fields [17,18]
or those including the right-handed (RH) neutrino [20] have
been studied separately before. Here we will consider the
possibility of having both types of operators, focusing on
the synergies the study of different observables offers to tell
apart between contributions with and without the RH neu-
trino. We find that, in some regions of the parameter space
explaining the Belle II result, the measurement of the fraction
of longitudinally polarized K ∗ in the final state, FL , allows
to distinguish between RH neutrino contributions and those
involving SM neutrinos. The importance of this observable
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in this regard has so far been overlooked in the context of this
new measurement. Moreover, we consider the possibility of
having a non-negligible mixing between the SM neutrinos
and the heavy one. This in turn allows for the NP involving
the RH neutrinos to indirectly affect the decay channels with
light neutrinos, even when the decay to the heavy neutrino
is kinematically forbidden. Finally, we profit from the inter-
play arising from the SU (2)L×U (1)Y symmetry to constrain
some of the possible NP explanations of Belle II using pro-
cesses involving charged leptons, with particular emphasis
on the constraints that arise from the analysis of LHC data.

This paper is organised as follows: in Sect. 2 we introduce
the relevant effective operators that contribute to b → sνν,
and the connection with the low-energy EFT (LEFT) describ-
ing B-meson decays, including their relation to processes
involving charged leptons in Sects. 3 and 4. We discuss our
results in Sect. 5, and conclude in Sect. 6.

2 νSMEFT contributions to b → sνν

We extend the SM with nR RH neutrinos, NsR with s =
1, . . . , nR , at least one of which is light enough to participate
in B → K (∗)νν decays, meaning mn4 � mB − mK (∗) . The
remaining sterile neutrinos, necessary to understand neutrino
masses [46], as well as other BSM states, are considered to lie
well above the EW scale. We can describe their effect on the
b → sνν transition in terms of dimension d = 6 operators
as

L(6)
νSMEFT ⊃ 1

�2

∑

i

CiOi , (3)

where � is the new physics scale, and Ci is the Wilson coef-
ficient (WC) for each d = 6 operator, Oi . There are only
three four-femion operators involving only SM fields that
can contribute to B → K (∗)νν [18] at tree level:

[
O(1)

lq

]

αβkl
= (

L̄αγ μLβ

) (
Q̄kγμQl

)
,

[
O(3)

lq

]

αβkl
=

(
L̄αγ μτ I Lβ

) (
Q̄kτ

IγμQl

)
,

[Old ]αβkl = (
L̄αγμLβ

) (
d̄kRγ μdlR

)
, (4)

where L and Q are the lepton and quark SU (2)L dou-
blets, respectively, and dR are the down-type quark weak
singlets. The Pauli matrices are denoted by τ I , with I =
1, 2, 3. In the following, we will work in the flavor basis
defined by the diagonal down-type quark Yukawa matrix,
with the CKM matrix element in the upper component of

Qi = ((
V †u

)
i di

)T
. Moreover, we will fix the quark fla-

vor indexes to k (l) = 2, 3, relevant to b → sνν, while
α (β) ∈ {e, μ, τ }.

When considering the RH neutrino field, NR , additional
d = 6 operators can contribute to b → sνν [20,45,47].1

Focusing on the tree-level contributions to this process, the
relevant operators are:

[ONq
]
kl = (

N̄Rγ μNR
) (

Q̄kγμQl
)
,

[ONd ]kl = (
N̄Rγ μNR

) (
d̄kRγ μdlR

)
,

[
OS

lNqd

]

αkl
= (

L̄αNR
)
ε
(
Q̄kdlR

)
,

[
OT

lNqd

]

αkl
= (

L̄ασμνNR
)
ε
(
Q̄kσ

μνdlR
)
, (5)

where ε12 = 1. Compared to the SMEFT case, one can
now have scalar and tensor operators contributing to B →
K (∗)νν. In the following, in order to ease the notation, we
will not explicitly show the quark family indexes for the vec-
tor operators. On the other hand, for the scalar and tensor
operators we keep them. This is because, depending on the
generation index that we assign to the SU (2)L quark dou-
blet, the b → sνν process will be correlated to different
observables.

Moreover, the SU (2)L × U (1)Y symmetry will allow to
relate processes involving neutrinos with those involving
charged leptons in the final state [50,51]. This was studied
in the context of SMEFT in Refs. [17,18]. We will also con-
sider the effect of the νSMEFT operators from Eq. (5) onto
b → c
ν, whose impact on B → D(∗)
ν was discussed in
Ref. [20], but neglecting the neutrino mixing effects. We will
also study how the LHC data can help us further constrain
couplings to the four-fermion operators listed above, with
particular emphasis on OS(T )

lNqd .
In the following, we will study the impact that the WCs,

computed at high-energies, have on low-energy observables.
We will need to take into account running effects for the
scalar and tensor operators, which do not mix in QCD. To
account for this running and be able to consistently compare
bounds on the WCs arising at low-energies with those related
to searches at LHC, we will consider QCD running at 3-loop
level [52]. Running effects from the TeV to the mb scale at
3-loop order can differ from those at 1-loop level by up to
10%. Whenever we quote limits or allowed regions for the
WCs, we systematically compute them at the energy scale
μ = 1 TeV.

3 Low-energy implications for b → sνν

Neutrino masses are generated after spontaneous symmetry
breaking. On general grounds, the neutrino flavor eigenstates,
ναL and NR , are an admixture of the mass eigenstates, ni ,

1 Note that, in the context of the SMEFT, scalar and tensor contributions
can arise from d = 7 lepton number violating operators [48] or d = 8
lepton number conserving ones [49].
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which in the following we consider to be Majorana states
satisfying nci = ni . These two bases are related through a
unitary matrix, U , such as

ναL =
4∑

i=1

Uαi PLni , for α = e, μ, τ,

NR =
4∑

i=1

U∗
si PRni , (6)

where the sum over mass eigenstates only runs through
the states which are relevant to b → sνν, and PL(R) =
(1 ∓ γ5)/2.2 Even though the current experimental limits
constrain the active-heavy mixing to be |Uα4| � 1, these
bounds vary depending both on the mass scale of the heavy
neutrino, mn4 , and on the flavor of the active neutrino with
which it primarily mixes. We will consider the effect of non-
zero mixing with the τ neutrino [53], while neglecting mixing
with the electron or muon neutrinos, |Ue(μ)4| � 0.

When considering the LEFT with massive neutrinos, it
proves advantageous to describe b → sνν in terms of oper-
ators with well-defined parity properties. Similarly to the
b → s
+

α 
−
β case [11,54–57], the low-energy lagrangian is

given by

Lb→sνν
LEFT ⊃ 4GF√

2
λt

αem

8π

∑

a=V,A,S,P,T

[
CaOa+C ′

aO′
a

]+h.c.,

(7)

where GF is the Fermi constant, αem the fine structure con-
stant and λt ≡ V ∗

tsVtb is the combination of CKM matrix
elements relevant to the b → s transition. The extra fac-
tor of 2, with respect to the usual normalization, arises from
the Majorana nature of neutrinos, and allows one to directly
use the results from Ref. [56], as discussed in Ref. [47]. The
operators in this basis are
[OV (A)

]
i j = (

s̄LγμbL
) (
n̄iγ

μ(γ5)n j
)
,

[OS(P)

]
i j = (s̄LbR)

(
n̄i (γ5)n j

)
,

[OT ]i j = (
s̄LσμνbR

) (
n̄iσ

μνn j
)
, (8)

while primed operators, O′
a , are obtained by consistently

exchanging qL ↔ qR in Eq. (8), with q ∈ {s, b}.3 We note
here that the WCs C (′)

a have well-defined symmetry proper-
ties under the exchange of neutrino indexes, assuming they
are Majorana particles. It can be shown that the WCs related
to (pseudo-) scalar and axial-vector operators are symmetric
in the neutrino mass-eigenstate indexes, i, j . The vector and
tensor WCs, instead, are antisymmetric with respect to the
exchange i ↔ j . This in turn implies that vector and tensor
operators will be neutrino flavor violating by construction,

2 We refer the reader to Appendix A for more details.
3 In Eq. (7) the sum over neutrino states, i, j , is not shown explicitely.

meaning that the decay B → K (∗)νiν j will always have
i 
= j .

Taking into account the neutrino mixing matrix, U , we
find the following relation between the WCs in the LEFT
and those from the νSMEFT operators listed in Eq. (5):
[
CS(P)

]
i j = G

∑

α

[
CS
lNqd

]

α23

(
U∗

αiU∗
s j + U∗

α jU∗
si

)
,

[
C ′
S(P)

]

i j
= ±G

∑

α

[
CS
lNqd

]∗
α32

(UαiUs j + Uα jUsi
)
, (9)

where the prefactor is defined as G ≡ πv2/(�2λtαem) with
v � 246.22 GeV, and the sum runs over α ∈ {e, μ, τ }. For
the vector and axial WCs we get

[CV ]i j = −2iG [CNq
] ∑

α

Im
[U∗

αiUα j
]
,

[
C ′
V

]
i j = −2iG [CNd ]

∑

α

Im
[U∗

αiUα j
]
,

[CA]i j = 2G [CNq
]
(

δi j −
∑

α

Re
[U∗

αiUα j
]
)

,

[
C ′

A

]
i j = 2G [CNd ]

(

δi j −
∑

α

Re
[U∗

αiUα j
]
)

. (10)

Finally, for the tensor WCs we find

[CT ]i j = 2G
∑

α

[
CT
lNqd

]

α23

(
U∗

αiU∗
s j − U∗

α jU∗
si

)
,

[
C ′
T

]
i j = −2G

∑

α

[
CT
lNqd

]∗
α32

(UαiUs j − Uα jUsi
)
. (11)

Clearly, in the presence of a single RH neutrino, C (′)
V in

Eq. (10) can contribute to b → sνν only if there are sources
of CP violation in the neutrino sector. Note also that when
relating the WCs in the LEFT to those in the νSMEFT one
finds CP = CS and C ′

P = −C ′
S .

Operators involving only SM fields (see Eq. (4)) can also
contribute to C (′)

V and C (′)
A . These contributions are given by

[
CV (A)

]
i j = ±G

∑

α,β

[
C(1)
lq + C(3)

lq

]

αβ

(
U∗

αiUβ j ∓ U∗
α jUβi

)
,

[
C ′
V (A)

]

i j
= ±G

∑

α,β

[Cld ]αβ

(
U∗

αiUβ j ∓ U∗
α jUβi

)
, (12)

where α, β ∈ {e, μ, τ }. In the following we will study the
effect these operators have on B → K (∗)νν for different
mass ranges of the sterile state. Note that, even if the heavy
neutrino is not kinematically accesible in the B decay, its
mixing with the SM neutrinos could nonetheless produce an
indirect effect on these observables.

The branching fraction for B → K (∗)νν in the presence
of NP can be written as

B
(
B→K (∗)νν

)
=B

(
B→K (∗)νν

)SM (
1+δBK (∗)

)
, (13)
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where all the effects of NP are encoded in δBK (∗) .4 Whenever
mn4 � mB − mK so that the sterile mass is negligible, the
deviations from the SM prediction can be easily written as

δBK = −
∑3

i, j Re
[
CSM
L δi j

(
CA + C ′

A

)
i j

]

3|CSM
L |2

+ 1

12|CSM
L |2

4∑

i, j

{
|CV + C ′

V |2i j + |CA + C ′
A|2i j

+3

2
ηS
K

(
|CS + C ′

S|2i j + |CP + C ′
P |2i j

)

+4ηTK

(
|CT |2i j + |C ′

T |2i j
) }

, (14)

whereCSM
L = −6.32(7) is the SM contribution to b → sνν.5

In the case of B → K ∗νν, neglecting once again the sterile
neutrino mass, we find

δBK ∗ = −
∑3

i, j Re
[
CSM
L δi j (CA + C ′

A)i j
]

3|CSM
L |2

+ηV
K ∗

∑3
i, j Re

[
CSM
L δi j (C ′

A)i j
]

6|CSM
L |2

+ 1

12|CSM
L |2

4∑

i, j

{
ηV
K ∗
4

(
|CV −C ′

V |2i j +|CA−C ′
A|2i j

)

+
(

1 − ηV
K ∗
4

) (
|CV + C ′

V |2i j + |CA + C ′
A|2i j

)

+4

3
ηS
K ∗

(
|CS − C ′

S |2i j + |CP − C ′
P |2i j

)

+4ηTK ∗
(
|CT |2i j + |C ′

T |2i j
) }

. (15)

Note that in Eqs. (14, 15), the SM contribution only interferes
with that of the axial-vector operators, O(′)

A , involving light
neutrinos, ni with i = 1, 2, 3.6 The prefactors ηa

K (∗) depend
solely on the hadronic form factors, and we find the following
numerical values:

ηS
K = 0.940(16), ηTK = 0.270(11),

ηS
K ∗ = 0.34(2), ηV

K ∗ = 3.33(5), ηTK ∗ = 1.58(16). (16)

Explicit expressions in terms of the hadronic form factors are
provided in Appendix B.

4 Notice that the WCs entering δBK (∗) are evaluated at the scale of the
process, μ = mb.
5 We refer the reader to Appendix C for the general expressions. Note
that the SM contribution to b → sνν is flavor diagonal and universal.
6 When including the mixing between the active and the heavy neutri-
nos, there is a small non-diagonal contribution proportional to U∗

siUs j .
This would allow for the interference between SM and the νSMEFT
axial-vector operators involving an NR , but it is nonetheless mixing sup-
pressed and negligible in comparison with the other NP effects arising
directly from the d = 6 operators.

If the Belle II result is to be described only by SMEFT
operators, a lower bound on B (B → K ∗νν) can be deduced
from B (B → Kνν). This is given by [17,18]

B (B → K ∗νν)

B (B → Kνν)
≥

(

1 − ηV
K ∗
4

)
B (B → K ∗νν)SM

B (B → Kνν)SM . (17)

We find that this inequality is still satisfied in the νSMEFT for
the (axial-) vector and tensor operators, whenever the heavy
neutrino mass can be neglected, mn4 � mB − mK .

This, however, is not the case for the (pseudo-) scalar
operators, or when mn4 is large. As can be understood from
Eq. (15), one could consider the possibility that CS = C ′

S
and CP = C ′

P in the absence of other NP contributions.7 In
this limit one would have δBK ∗ = 0 while having δBK 
= 0.
Under such circumstances, the inequality in Eq. (17) would
be violated provided that

B (B → Kνν) >
4B (B → Kνν)SM

4 − ηV
K ∗

, (18)

for which we find numerically B (B → Kνν) � 3.1×10−5.
Moreover, when mn4 cannot be neglected, Eq. (17) does not
apply. Indeed, it is always possible to reduce the available
phase space for the B → K ∗νν decay into the heavy neu-
trino, recovering the SM result, while simultaneously having
a non-negligible contribution to B → Kνν from NP.8

NP described by the lagrangian in Eq. (7) can be relevant
to Bs → νν, for which an upper bound B (Bs → νν) <

5.9 × 10−4 at 90% C. L. was obtained using LEP data [58].
We can write its branching fraction as [57]:

B(
Bs → νν

) = τBs

128π3

G2
F |λt |2α2

em

m3
Bs

f 2
Bs

4∑

i, j=1

λ
1/2
Bsni n j

×
{ [

m2
Bs − (mi + m j )

2
] ∣∣
∣∣(CV − C ′

V )i j (mi − m j )

+(CS − C ′
S)i j

m2
Bs

mb + ms

∣∣∣
∣

2

+
[
m2

Bs − (mi − m j )
2
]

×
∣∣∣∣(CA + C ′

A)i j (mi +m j )+(CP − C ′
P )i j

m2
Bs

mb+ms

∣∣∣∣

2}
,

(19)

where λabc = [
m2

a − (mb − mc)
2
] [
m2

a − (mb + mc)
2
]
.

From Eq. (19) it is clear that the contribution from the
(axial-) vector operators will be suppressed by the tiny neu-
trino masses, except for the heavy neutrino. On the contrary,
the (pseudo-) scalar operator, which is not chirality sup-
pressed, can considerably enhance B (Bs → νν). This chan-

7 This situation is, however, not possible with the effective operators
we have considered in Eq. 5, but could arise in more general scenarios.
8 This is only strictly true in the absence of neutrino mixing.
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nel then proves a complementary probe to constrain the NP
explanations of the Belle II result.

Finally, by interpreting the size of the WC in terms of a
NP coupling constant, gNP, and the NP scale, �, related to
a mediator mass, i.e. C/�2 � g2

NP/�2, we can estimate the
maximal cutoff where the NP needs to lie in order to accom-
modate the Belle II result while having perturbative couplings
gNP �

√
4π [59]. We find that for operators involving the SM

neutrinos, � � 24 TeV, while in the case of scalar operators
we find a somewhat larger scale, � � 32 TeV.

4 Correlation with processes involving charged leptons

When considering NP described by the νSMEFT, correla-
tions between processes involving neutrinos and those with
charged leptons arise thanks to the SU (2)L gauge symme-
try. All the operators from Eq. (4) contribute to b → s
+

α 
−
β ,

which implies that the most plausible explanation for the
Belle II result within the SMEFT is that NP couples to the
third generation leptons [18], unless there is some ad-hoc
cancellation between various contributions. Moreover, the
operators from Eqs. (4, 5) relate the b → sνν transition
measured by Belle II to the semileptonic b → c
αν pro-
cess. At low-energies, assuming NP described by the same
νSMEFT operators that enter b → sνν, we can write

Lb→c
ν
LEFT ⊃√

2GFVcb
∑

a=V,A,S,P,T

[
CaOa+C ′

aO′
a

] + h.c.,

(20)

where the only operators arising from νSMEFT are

[OV (A)

]
αi = (

c̄LγμbL
) (


̄αγ μ(γ5)ni
)
,

[OS(P)

]
αi = (c̄LbR)

(

̄α(γ5)ni

)
,

[OT ]αi = (
c̄LσμνbR

) (

̄ασμνni

)
. (21)

Although the chirality flipped operators with a RH charm
quark,O′

a , can in general be generated within the (ν)SMEFT,
they are not related to the relevant operators interesting for
b → sνν, and thus we do not consider them in the following.
The relation between WCs at low energies and the νSMEFT
ones is given by

[
Cb→c
ν
V (A)

]

αi
= CSM

V (A)Uαi ± v2

�2

Vcs
Vcb

∑

β

[
C(3)
lq

]

αβ
Uβi ,

[
Cb→c
ν
S(P)

]

αi
= − v2

2�2

Vcs
Vcb

[
CS
lNqd

]

α23
U∗
si ,

[
Cb→c
ν
T

]

αi
= − v2

�2

Vcs
Vcb

[
CT
lNqd

]

α23
U∗
si , (22)

where CSM
V (A) = ±1 corresponds to the SM.9 In order to

better understand the interplay between the WCs relevant to
b → sνν and those entering b → c
αν, it is useful to write
the latter in terms of those from Eqs. (9–12).10 We find:

[
Cb→c
ν
V (A)

]

αi
= CSM

V (A)Uαi ∓ αemλt

2π

Vcs
Vcb

×
4∑

j

Uα j
(
[CV ]i j + [CA]i j

)
,

[
Cb→c
ν
S(P)

]

αi
= −Vcs

Vcb

αemλt

2π

4∑

j

[CS]i j Uα j ,

[
Cb→c
ν
T

]

αi
= Vcs

Vcb

αemλt

π

4∑

j

[CT ]i j Uα j , (23)

It is then clear from Eq. (23) that, even if we have a non-
negligible NP effect in b → sνν from, say, CS(P) 
= 0,
its corresponding effect in b → c
ν will be suppressed by
αemλt/2π ∼ 5 × 10−5, so that only large WCs can have an
impact in RD(∗) . This is also related to the fact that b → c
ν
arises at tree-level in the SM, in contrast to b → sνν which
is not only loop but also CKM-suppressed.

It is also useful to account for the constraints on suchd = 6
operators from collider searches. In particular, we can use the
high-pT tails of Drell–Yan processes involving a charged
lepton and missing energy in the final state, pp → 
αν,
in order to constrain the size of the scalar and tensor WCs
[59–61]. As we will see, these searches probe a good part
of the parameter space explaining B (B → Kνν)exp, mostly
for large heavy neutrino masses.

5 Results

5.1 b → sνν

In the following, we discuss the impact of the d = 6
NP operators relevant to b → sνν for different assump-
tions on the heavy neutrino mass and on its mixing with
the SM neutrinos. In all instances in which lepton dou-
blets are involved, we introduce the NP only in the τ -sector.
This is motivated for operators involving only SM fields
by the strong constraints coming from B (Bs → μμ) and
RK (∗) ≡ B (

B → K (∗)μμ
)
/B (

B → K (∗)ee
)
, which rule

out the possibility to accommodate B (B → Kνν)exp with
couplings to light charged leptons [17,18].

9 Note that operators like
[
OS(T )

lNqd

]

α32
would contribute to semileptonic

transitions with top quarks.
10 We assume here that a single operator is responsible simultaneously
for the NP effects in both processes.
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Fig. 1 Correlation between B (B → Kνν) and B (B → K ∗νν) (left
panel) when including the effect of one single NP operator at a time
and mn4 � mB − mK . The red point corresponds to the SM result
and the (light) green regions to the Belle II result at 1(2)σ . The
hatched areas on the left panel correspond to the Belle upper bound,

B (B → K ∗νν) < 2.7 × 10−5, in gray, and the region described by
Eq. (17) (blue area). In the right panel we show the correlation with
RFL = FL/FSM

L . We show, as solid bands, the regions which satisfy
the Belle upper bound on B (B → K ∗νν), while as (dash-) dotted lines
those excluded

5.1.1 No neutrino mixing

Let us first consider the effect of NP in the absence of mixing,
Uτ4 = 0. In this case there is no interference between the
SM and the effective operators involving a RH neutrino, cf.
Equation (5). Therefore, the branching fraction for B →
K (∗)νν in the presence of this NP can only be larger than
the SM expectation. Furthermore, the effect of the operator

ONd is degenerate with ONq . Likewise,
[
OS(T )

lNqd

]

τ32
has the

same impact as
[
OS(T )

lNqd

]

τ23
. Contrary, operators with only

LH neutrinos, O(1−3)
lq and Old , do interfere with the SM.

Nonetheless, given that we are introducing NP only in the
τ -sector, the destructive interference between SM and NP
effects cannot be exact and thus it is not possible to arbitrarily
suppress B (

B → K (∗)νν
)
.

In the following we study these contributions for two rep-
resentative mass ranges for the heavy neutrino.

• mn4 � mB − mK

When we neglect the heavy neutrino mass,O(1−3)
lq , shown

in orange in Fig. 1, has the same effect as ONq (shown
in hatched pink) on the region B (

B → K (∗)νν
)

>

B (
B → K (∗)νν

)SM
. Thus, the orange region is not vis-

ible because it lies below the hatched pink band. In the
right panel of Fig. 1 we show the impact of such oper-
ators on the fraction of longitudinally polarized K ∗, FL

[11], which can also be measured at Belle II.11 In particu-
lar we study the correlation between B (B → Kνν) and
the ratio RFL = FL/FSM

L , with FSM
L = 0.49(4) [15].

11 We refer the reader to Appendix C for a definition of FL in terms of
the q2-dependent functions entering the differential branching fraction.

We show, as solid bands, the 1σ regions for which the
Belle bound B (B → K ∗νν) < 2.7 × 10−5 is satisfied.
The (dash-) dotted lines allow to understand the behavior
of RFL in terms of B (B → Kνν) in the whole parame-
ter space, but correspond to regions where the branching
fraction of B → K ∗νν is too large. They are thus exper-
imentally excluded.

For the operators which can accommodate B
(B → Kνν)exp at 2σ in this mass range, we find the
following allowed values for the WCs (computed at the
scale μ = 1 TeV). First, for the operators involving only
SM neutrinos, we find:

� [Cld ]ττ /�2 ∈ [−3.3,−1.1] × 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [8, 27] × 10−6,

RFL ∈ [0.73, 0.76] .

�
[
C(1−3)
lq

]

ττ
/�2 ∈ [−1.7,−1.1] ∪ [3.2, 3.7]

× 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [19, 27] × 10−6,

RFL = 1.

(24)

Next, for operators involving the RH neutrino:

�
∣
∣∣
[
CS
lNqd

]

τ23

∣
∣∣/�2 ∈ [0.7, 1.7] × 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [11, 21] × 10−6,

RFL ∈ [1.19, 1.61] .

�
∣∣∣
[CNq

] ∣∣∣/�2 ∈ [1.9, 2.5] × 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [19, 27] × 10−6,

RFL = 1.

(25)
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Fig. 2 Correlation between B (B → Kνν) and B (B → K ∗νν) (left panel) and RFL (right panel), as in Fig. 1, but setting now the mass of the
heavy neutrino to mn4 = 2 GeV

Note that for the scalar operator with exchanged quark
indexes, 2 ↔ 3, the same results as those from the first
line in Eq. (25) would be obtained. Similarly, the effect
of ONd is degenerate with that of ONq at this level.

Remarkably, operators with SM neutrinos accommo-
dating B (B → Kνν)exp at 1σ , such as Old , would
decrease FL with respect to its SM value, whereas those
with RH neutrinos would enhance it, providing a han-
dle to distinguish these solutions. We will show next that
this feature holds also for non-negligible heavy neutrino
masses.

• mn4 = 2 GeV
As previously mentioned, increasing the mass of the

heavy neutrino tends to suppress the available phase
space, and thus the B → K (∗)νν branching fraction.
This is particularly pronounced in the case of the vec-
tor operator, ONq(d), as shown in the left panel of Fig. 2
where we set mn4 = 2 GeV. This mass is very close to
the kinematical limit for the B → K ∗νν decay, as the
vector operator couples directly to a pair of RH neutrinos.
Given that the NR is mostly aligned with the heavy neu-
trino, the contribution from this operator is suppressed
whenever mn4 ∼ (mB − mK ∗)/2.12 Instead, for the
scalar and tensor operators in Eq. (5), the phase space
suppression in B → K ∗νν becomes relevant only when
mn4 ∼ mB −mK ∗ . In fact, it is only through such a phase
space suppression that the tensor operator can accommo-
date the Belle II result on B → Kνν without predicting
values ofB (B → K ∗νν) above the experimental bound.

We show in the right panel of Fig. 2 the enhancement
produced on FL by the vector operator with RH neutrinos,
ONq(d), when having a non-negligible mass. This effect
is, however, not as pronounced as with the scalar operator.

12 Neglecting the active-heavy mixing, it is exactly aligned with the
heavy neutrino, meaning that NR = PRn4.

Due to the phase space suppression, ONq (ONd ) can
now also accommodate B (B → Kνν)exp at 1σ . We
quote next the allowed ranges for the WCs for mn4 =
2 GeV:13

�
∣∣
∣
[
CS
lNqd

]

τ23

∣∣
∣/�2 ∈ [1.0, 2.5] × 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [10, 17] × 10−6,

RFL ∈ [1.14, 1.51] .

�
∣∣∣
[CNq

] ∣∣∣/�2 ∈ [4.5, 11.2] × 10−2 TeV−2,

B (
B → K ∗νν

) ∈ [9, 12] × 10−6,

RFL ∈ [1.02, 1.13] .

(26)

In conclusion, for negligible mn4 , we find that the scalar
operator OS

lNqd and the vector one, Old , represent the best
possibilities of explaining the Belle II result at the 1σ level.
The other vector operators can, nonetheless, accommodate
the experimental measurement at 2σ , while the tensor one is
ruled out experimentally.

For larger masses, the phase space suppression allows to
explainB (B → Kνν)exp, without enhancingB (B → K ∗νν)

above its experimental bound, using operators involving NR .
This is relevant for mn4 ∼ (mB − mK ∗)/2 for vector opera-
tors and mn4 ∼ mB − mK ∗ for the tensor one.

Interestingly, when studying the effect of such operators
on FL , we find opposite behaviours for different types of
operators accommodating the Belle II result at the 1σ level.
Those involving only SM neutrinos, namely Old , tend to
suppress FL , such that we have RFL ≤ 1, as previously
found in Ref. [18]. Instead, operators involving NR enhance

13 We explicitly write again the ranges for the scalar operator as it
is affected by the phase space suppression, even if to a lesser degree
than the vector operator. On the contrary, we note that for the SMEFT
operator Old (O(1−3)

lq ) the ranges are those from Eq. 24.
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Fig. 3 Correlation between different observables when including the
effect of one single NP operator at a time for mn4 = 4.5 GeV and non-
zero mixing, |Uτ4| ∼ 10−2. The red point corresponds to the SM expec-
tation and the (light) green regions to the Belle II result at 1(2)σ . The left

panel shows the relation between B (B → Kνν) and B (B → K ∗νν)

while in the right one we show the correlation with B (Bs → νν) for
the relevant operators

it, so that RFL ≥ 1. Thus, this measurement could allow
to tell apart between contributions from NR and those from
SM neutrinos, assuming a single operator is responsible for
B (B → Kνν)exp.

5.1.2 Effect of neutrino mixing

We focus now on the impact neutrino mixing can have on the
phenomenology, setting the mixing between the τ neutrino
and the heavy one to |Uτ4| = 10−2.14 The consequence is that
now contributions from operators involving the RH neutrino
(see Eq. 5) will also have an impact on the b → sνν decay
into light neutrinos. This will in turn allow for the interference
between contributions from ONq (ONd ) and the SM. The
most important difference with respect to |Uτ4| = 0 arises
close to the kinematical limit for the B → K (∗)νν decay into
one heavy neutrino, i.e. mn4 � mB − mK .

• mB − mK � mn4 � mBs
In this mass range, the bound B (Bs → νν) < 5.9 ×
10−4 at 90% C. L. [58] becomes the most relevant
one. This constraint allows to exclude explanations
of B (B → Kνν)exp with scalar and vector operators
involving NR , as shown in Fig. 3. This pushes the allowed
range for the heavy neutrino mass to be eithermn4 > mBs
ormn4 � 4 GeV for the operatorsOS

lNqd andONq (ONd ).
Instead, the tensor operator can accommodate the exper-
imental result for mn4 � mB − mK , as shown in the left

14 This is just a representative value. For heavy neutrino masses lying
around the GeV-scale, one finds constraints at the level of |Uτ4|2 ∼
10−4−10−5 [53] and in agreement with our choice. A somewhat smaller
mixing would translate into a larger value for the relevant WC while
generating the same effect on the observables.

panel in Fig. 3. We find the following range for the tensor
WC:15

�
[
CT
lNqd

]

τ23
/�2 ∈ [0.71, 1.58] TeV−2,

B (
B → K ∗νν

) = B (
B → K ∗νν

)SM
,

RFL = 1. (27)

However, as we will see, this scenario (when involving
the second generation quark doublet) is excluded by the
LHC constraints we discuss in Sect. 5.3.

• mn4 > mBs
Whenever n4 cannot be produced in Bs → νν, the
effect ofONd (ONq ) becomes degenerate with that of the

SMEFT operator Old (O(1−3)
lq ), while avoiding any other

constraint. Indeed, the sum over neutrinos in δBK (∗) from
Eq. (14) would only run through the three light neutrinos,
recovering the equivalent results in SMEFT [18,48].

Note, however, that the contribution from operators
involving a RH neutrino would be mixing suppressed.
Thus, in order to accommodate the Belle II result with
ONd , the size of the WC needs to be, in comparison to the
corresponding SMEFT contribution, CNd = |Uτ4|−2Cld .
Interpreting once again the corresponding WC, CNd/�

2,
in terms of a tree-level contribution from a heavy NP
mediator, we find in this case that the maximum cutoff
scale is � � 240 GeV. Such a low scale clearly sig-
nals the breakdown of the EFT, and thus we deem this
possibility not viable. We conclude then that the vector
operator ONd (ONq ) can only accommodate the experi-

15 This range applies for the tensor operator independently of |Uτ4|.
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mental result for mn4 < 4 GeV, assuming NP contributes
to b → sνν at tree-level.

Regarding the scalar operator, its contribution is equiv-
alent to the case we considered in Sect. 5.1.1, summa-
rized in Eq. (25). Given, however, the mixing suppres-
sion, the size of the WC needs to be rescaled, exchanging
CS
lNqd → |Uτ4|CS

lNqd in Eq. (25). Given current bounds

on the mixing, we will show next that
[
OS

lNqd

]

τ23
is

excluded by high-pT constraints.

5.2 Implications for b → c
αν

As previously discussed, given the SU (2)L gauge symmetry,
the same WCs generating b → sνν at low energies can also
contribute to processes involving charged leptons.

In the case of the SMEFT operators in Eq. (4), they all
simultaneously contribute to b → sνν and b → s
α
β .
Stringent constraints exist for the latter process when the
leptons are electrons or muons [62]. In such a situation, the
only solution is to introduce the NP effects in the third gen-
eration of leptons only [17,18]. It was found that, even if
O(3)

lq can contribute to b → cτν, its potential to also explain
the current experimental deviation from the SM prediction of
the ratio RD(∗) = B (

B → D(∗)τ ν̄
)
/B (

B → D(∗)
ν̄
)

with

 = e, μ is very limited. Only a marginal enhancement of
RD(∗) can be expected while agreeing with the Belle II result.

Regarding the operators involving RH neutrinos in Eq. (5),
only the scalar and tensor operators with a second genera-

tion quark doublet, namely
[
OS(T )

lNqd

]

τ23
, can contribute to

RD(∗) . However, none of them can simultaneously accommo-
date the experimental results on RD(∗) andB (B → Kνν)exp.
As it is clear from Eq. (23), only very large NP effects
in b → sνν, predicting B (B → Kνν) > 3 × 10−4, can
introduce a significant deviation from the SM expectation in
B → D(∗)τν, given the factor Vcsαemλt/(πVcb) ∼ 10−3

relating the WCs entering the two processes. However, this
is obviously excluded experimentally. Moreover, the ten-
sor operator cannot contribute to RD(∗) in the region where
it accommodates B (B → Kνν)exp, as one needs mn4 �
mB − mK ∗ > mB − mD(∗) − mτ .

5.3 LHC bounds

We now turn to consider collider constrains on these same
WCs through the crossed channel bc → 
αν. In particular,
we can profit from the effect of such EFTs on the high-pT
tails of Drell–Yan processes with a charged lepton and miss-
ing energy in the final state [59].16 LHC has performed such
searches [64,65], pp → 
αν with α = e, μ or τ , which

16 One can also use constrains from channels with large missing energy
and an energetic jet in the final state [63].

have been fully implemented in HighPT [60,61], alongside
the relevant d = 6 SMEFT operators. Thus, HighPT gen-
erates the likelihoods for different NP scenarios, allowing
to constrain the SMEFT and νSMEFT operators generating
b → c
αν. It is important to note here that, for the scalar and
tensor νSMEFT operators from Eq. (5), we recast the limits
obtained with HighPT in terms of the following SMEFT
ones (which do not interfere with the SM contribution to
pp → 
αν):
[
O(1)

lequ

]

βα32
= (

L̄β
αR
)
ε
(
Q̄3u2R

)
,

[
O(3)

lequ

]

βα32
= (

L̄βσμν
αR
)
ε
(
Q̄3σ

μνu2R
)
. (28)

Using the mono-lepton searches at LHC, which do not tag
the final neutrino flavor, we can use the constraints on the
SMEFT WCs to find a bound on the νSMEFT scalar and
tensor WC involving a charged lepton, 
α , as:

|Vcs |2
∣∣∣
[
CS
lNqd

]

α23

∣∣∣
2 →

∑

β=e,μ,τ

[
C(1)
lequ

]∗
βα

[
C(1)
lequ

]

βα
,

|Vcs |2
∣∣
∣
[
CT
lNqd

]

α23

∣∣
∣
2 →

∑

β=e,μ,τ

[
C(3)
lequ

]∗
βα

[
C(3)
lequ

]

βα
, (29)

where we neglect the heavy neutrino mass in the final state,
thus making the contribution fromO(1)

lequ equivalent to that of

the OS
lNqd operator involving the second generation SU (2)L

quark doublet. Note that for the scalar and tensor νSMEFT
operators involving the third generation quark doublets, we
would in turn be sensitive to the semileptonic decay of the
top quark, t → s
αν. This, however, does not contribute
to pp → 
αν at leading order. Moreover, the experimental
precision on B (t → sτν) � (5 ± 4) × 10−3 is weak [62],
not leading to useful constraints.17

Using HighPT, we find then the following bounds at
90% C.L. on the scalar and tensor WC:
∣∣∣
[
CS
lNqd

]

τ23

∣∣∣ /�2 � 0.41 TeV−2,
∣∣∣
[
CT
lNqd

]

τ23

∣∣∣ /�2 � 0.25 TeV−2. (30)

We quote here the results for those WCs involving the τ -
lepton, but note that those involving an electron or a muon
in the final state are quantitatively very similar.

These bounds can now be used to constrain the effect of[
OS(T )

lNqd

]

τ23
on B → Kνν. They are relevant for the scalar

operator for mn4 > mBs , as, due to the mixing suppression,
the size of the WC becomes very large. Indeed, for the region
accommodating the Belle II result, we find
∣
∣∣
[
CS
lNqd

]

τ23

∣
∣∣/�2 � 0.7 TeV−2, (31)

17 We estimate it by combining B (t → Wb) and B (W → τν) with
B (t → Wb) /(B (t → Wb) + B (t → Ws)) = 0.957 ± 0.034.
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excluded by the bound in Eq. (30).18 They also provide
the main constraint on the tensor operator for large mn4 .
As shown in Eq. (27), the tensor operator accommodates
B (B → Kνν)exp for values of the WC larger than those
allowed by the high-pT analysis. Given that this operator
only works when mn4 ∼ mB − mK ∗ , we conclude that this
explanation of the Belle II result is experimentally excluded
by LHC data.

6 Summary

In this letter we presented the study of the contribution from
operators in the νSMEFT, both involving only SM fields as
well as one RH neutrino, to the rare semileptonic b → sνν

decays. The presence of the RH neutrino in the EFT descrip-
tion introduces the possibility to have scalar and tensor con-
tributions to this transition, on top of the usual vector opera-
tors. Besides studying the impact of the heavy neutrino mass
on B → K (∗)νν, we also studied the effect of its mix-
ing with the SM neutrinos. Examining the impact of such
NP on the correlations between the low-energy observables,
namely B (

B → K (∗)νν
)

and FL , the fraction of longitudi-
nally polarized K ∗ in the final state, we were able to identify
the best solutions accommodating the recent Belle II mea-
surement.

First, we studied the impact of these operators in the
absence of neutrino mixing. We find that for a light RH neu-
trino, the only NP operators providing a plausible explana-
tion to the Belle II result at 1σ are the scalar operator OS

lNqd
involving a RH neutrino, and the vector operatorOld with SM
neutrinos. This is consistent with previous results from Refs.
[17,18,20]. At the 2σ level, other vector operators are able to
accommodate the Belle II measurement. The tensor operator
is ruled out, as it completely pushes B (B → K ∗νν) above
the experimental bound B (B → K ∗νν) < 2.7 × 10−5.

However, if the mass of the RH neutrino is non-negligible,
then even the tensor operator can accommodate
B (B → Kνν)exp at the 1σ level. This is due to the phase
space suppression in the B → K ∗νν decay, which becomes
relevant for the tensor and scalar operators, OT (S)

lNqd when
mn4 � mB − mK ∗ � 4.5 GeV. In the case of the vec-
tor operator ONd (ONq ), the suppression is significant for
mn4 � (mB − mK ∗)/2 � 2 GeV.

Along with what was noted in Refs. [17,18,20] we also
find correlations between b → sνν and b → c
αν in
νSMEFT. This is why we considered the impact of opera-
tors involving the RH neutrino on B → D(∗)τν and LHC
searches involving high-pT . However, we find that the oper-
ators explaining the Belle II result cannot contribute sig-

18 Note here that we used a particular value of the neutrino mixing,
|Uτ4| = 10−2.

nificantly to B (
B → D(∗)τν

)
. Therefore it is not possible

to simultaneously explain B (B → Kνν)exp and the RD(∗)

anomalies. On the other hand, the analysis of high-pT tails
of Drell–Yan processes at LHC allows us to obtain rather
strong constraints on the coupling to the tensor operator.
From that analysis we conclude that the Belle II result cannot
be described with the tensor operator involving the second
generation SU (2)L quark doublet.

We also studiedRFL = FL/FSM
L and found that operators

involving SM neutrinos cannot enhance FL , i.e. RFL ≤ 1.
Instead, operators with RH neutrinos explaining Belle II
always translate intoRFL ≥ 1. Thus, the measurement of this
observable could allow to tell apart contributions involving
RH neutrinos from those with only SM neutrinos. Moreover,
measuring the differential decay rates could help us disen-
tangling among various Lorentz structures of the operators.
This observation is in line with Refs. [20,21,30].

Finally, we turned then to study the impact of the mix-
ing between the SM neutrinos and the heavy one, for which
experimental constraints show that |Uτ4| � 10−2. Despite
its smallness, it can lead to interesting phenomenology. In
this case, even if the RH neutrino is not produced in the
B → Kνν decay, i.e. mn4 > mB − mK , it can make an
impact on b → sνν through its mixing with the SM neu-
trinos. We find that, in order to avoid the bound from LEP
on B (Bs → νν) with scalar and vector operators, the mass
of the heavy neutrino needs to be mn4 � 4 GeV (regard-
less of mixing) or mn4 > mBs . In the latter case, only the
scalar operator involving the third generation quark dou-
blet can consistently describe the Belle II result, predicting
B (Bs → νν) � 10−4.

In principle, one can find an useful observable from the
angular distribution of B → Kνν, whose size is proportional
to the neutrino masses in the final state for vector and scalar
NP operators. However, it is not experimentally accessible
given that the neutrinos escape the detector. We note as well
that the same NP affecting B → K (∗)νν can be probed study-
ing complementary baryon decays such as �b → �c
ν [66]
and potentially also �b → �νν [67].
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Appendix A: Neutrino masses

We devote this appendix to a brief summary of the genera-
tion of neutrino masses in the presence of RH neutrinos, and
the relation between the mass and flavor bases. Adding nR

RH neutrinos to the SM particle content, we can write the
following lagrangian for the neutrino sector

L ⊃ −L̄Yν H̃ NR − 1

2
N̄ c
RMNR + h.c. (A1)

where H̃ = iτ2H∗ is the Higgs field and Yν corresponds
to the Yukawa matrix for the neutrinos. M is the Majorana
mass matrix for the nR RH neutrinos. Note that this Majorana
mass is not related to the Higgs mechanism and thus its scale
is completely free. After spontaneous symmetry breaking
(SSB) we find the following mass term for the neutrinos

L ⊃ −1

2

(
ν̄L N̄ c

R

) (
0 mD

mT
D M

) (
νcL
NR

)
+ h.c., (A2)

where mD ≡ vYν/
√

2. The symmetric mass matrix in
Eq. (A2) can then be diagonalized through a unitary rota-
tion, U , such that one finds the following relation between
the flavor and the mass eigenstates

(
ναL

Nc
sR

)
=

3+nR∑

i=1

(Uαi

Usi

)
PLni , (A3)

where we write the full neutrino mixing matrix, U , in two
blocks. The upper one corresponding to the mixing between
the active SM neutrinos, ναL , and the mass eigenstates given
by Uαi which is a 3 × (3 + nR) matrix. The lower one
describes the mixing between the RH neutrinos and the mas-
sive ones, Usi , whose dimensions would be nR × (3 + nR).
In the seesaw limit, namely mD � M , we find three light

states whose mass is given by mlight ∼ −mDM−1mT
D and

nR heavy neutrino states with masses O (M).
Depending on the mass scale of the heavy neutrinos, con-

strains on the size of the active-heavy mixing, Uαi with
i = 4, . . . , 3+nR , can be placed. In particular, for the mixing
with the τ -sector, and masses mn4 ∼ 2 GeV constraints from
DELPHI exist [68], such as |Uτ4|2 � 10−4 [53]. For larger
masses, mn4 ∼ 10 GeV, one instead finds slightly stronger
bounds, at the level of |Uτ4|2 � 10−5.

Appendix B: Form factors

In the following we will summarize the parametrization of
the hadronic amplitudes in terms of form factors both for
B → P , with P = K , D and B → V , where V = K ∗, D∗.

1. B → P

The relevant hadronic matrix elements for the B → P tran-
sition can be written as

〈
P̄(k)|q̄iγ μb|B̄(p)

〉 =
[

(p + k)μ − m2
B − m2

P

q2 qμ

]

f+(q2)

+m2
B − m2

P

q2 qμ f0(q
2),

〈
P̄(k)|q̄iσμνb|B̄(p)

〉 = −i
[
pμkν − pνkμ

] 2 fT (q2)

mB + mP
, (B1)

where q2 = (p − k)2 is the momenta carried by the di-
neutrino system. For the B → K transition we have P = K
and qi = s, the strange quark, in Eq. (B1), while P = D
and qi = c (charm quark) for B → D. The vector and scalar
form factors satisfy f+ = f0 at q2 = 0.

We take the form factors for B → K from Ref. [15] which
combines previous lattice QCD results from FNAL/MILC
[13] with the recent ones from HPQCD [14]. Other determi-
nations of the form factors can be found in Ref. [69].

For the case of the B → D transition we instead use
the FLAG results [70] combining FNAL/MILC [71] and
HPQCD [72] results for the vector and scalar form fac-
tors. Instead, for the tensor form factor we assume that the
ratio fT (q2)/ f+(q2) is constant and take the result from Ref.
[73], where it was found that fT (q2

0 )/ f+(q2
0 ) = 1.08(7) at

q2
0 = 11.5 GeV2.

2. B → V

Regarding the transition with a vector meson, V , in the final
state, the matrix elements are given by

〈
V̄ (k)|q̄iγμ(1 ∓ γ5)b|B̄(p)

〉 = εμνρσ ε∗ν pρkσ 2V (q2)

mB + mV

123
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∓iε∗
μ(mB + mV )A1(q

2)

±i(p + k)μ
(
ε∗ · q) A2(q2)

mB + mV

±iqμ

(
ε∗ · q) 2mV

q2

[
A3(q

2) − A0(q
2)

]
,

〈
V̄ (k)|q̄iσμνqν(1∓γ5)b|B̄(p)

〉=2iεμνρσ ε∗
ν pρkσ T1(q

2)

±[
ε∗μ(m2

B − m2
V ) − (p + k)μ

(
ε∗ · q) ]

T2(q
2)

±[
qμ − q2

m2
B − m2

V

(p + k)μ
] (

ε∗ · q)
T3(q

2), (B2)

where ε corresponds to the polarization of the vector meson in
the final state. At q2 = 0 one finds the consistency conditions
A3 = A0 as well as T1 = T2. Moreover, A3 is related to A1

and A2 as

A3(q
2) = mB + mK ∗

2mK ∗
A1(q

2) − mB − mK ∗

2mK ∗
A2(q

2). (B3)

For the B → K ∗ transition we take the form factors from
Ref. [74], in which lattice QCD results from Ref. [75] were
combined with light-cone sum rules (LCSR).

Instead, several results from lattice QCD at non-zero recoil
exist for B → D∗ [76–78]. We use the FNAL/MILC [76]
ones and note that recent results from HPQCD [77] find a
tension between the BaBar and Belle measurements of the
differential decay rate and the lattice results. However, given
the negligible impact we find on the B → D(∗)
αν process,
this issue does not play any role in our analysis.

3. Form factor dependence of δBK (∗)

We can parameterise the contributions from NP in terms of
appropriate combinations of form factors integrated over the
relevant phase space and the WCs. In the particular case in
which we can neglect neutrino masses in the final state, we
find the following quantities for B → Kνν:

ρK ,0 =
∫ q2

max

0
dq2 (m2

B − m2
K )2

(mb − ms)2 q2λ
1/2
BK f 2

0 ,

ρK ,+ =
∫ q2

max

0
dq2λ

3/2
BK f 2+,

ρK ,T =
∫ q2

max

0
dq2 λ

3/2
BK

(mB + mK )2 q
2 f 2

T , (B4)

where λBK ≡ λ
BK

√
q2 and we have q2

max = (mB − mK )2.

We then define η
S(T )
K ≡ ρK ,0(T )/ρK ,+.

For the B → K ∗νν transition, more form factors are
involved, such as we define for the (axial-) vector form factors
the following quantities:

ρK ∗,1 =
∫ q2

max

0
dq2q2λ

1/2
BK ∗ A2

1,

ρK ∗,V =
∫ q2

max

0
dq2 λ

3/2
BK ∗
q

2

V 2,

ρK ∗,12 = 32m2
Bm

2
K ∗

∫ q2
max

0
dq2λ

1/2
BK ∗ A2

12, (B5)

where now q2
max = (mB − mK ∗)2 and we again used the

abbreviation λBK ∗ ≡ λ
BK ∗√q2 . A12 is related to A1 and A2

as

A12(q
2) = (mB + mK ∗)(m2

B − m2
K ∗ − q2)

16mBm2
K ∗

A1(q
2)

− λBK ∗

16mBm2
K ∗(mB + mK ∗)

A2(q
2). (B6)

Additionally, for the scalar form factor contribution we have

ρK ∗,0 =
∫ q2

max

0
dq2 λ

3/2
BK ∗

(mb + ms)2 q
2A2

0, (B7)

and finally for the tensor form factors we can write

ρK ∗,T =
∫ q2

max

0
dq2λ

1/2
BK ∗

{
λBK ∗T 2

1

+(m2
B − m2

K ∗)2T 2
2 + 8m2

Bm
2
K ∗q2

(mB + mK ∗)2 T
2
23

}
. (B8)

With these definitions, we finally arrive at

ηV
K ∗ ≡ 4

ρK ∗,1 + ρK ∗,12

ρK ∗,1 + ρK ∗,12 + ρK ∗,V
,

ηS
K ∗ ≡ ρK ∗,0

ρK ∗,1 + ρK ∗,12 + ρK ∗,V
,

ηTK ∗ ≡ ρK ∗,T
ρK ∗,1 + ρK ∗,12 + ρK ∗,V

, (B9)

whose numerical values can be found in Eq. (16).

Appendix C: Differential decay rates

We devote this appendix to summarizing the results on the
differential branching fractions for B → K (∗)νν as well as
the fraction of longitudinally polarized K ∗ in the final state,
for any neutrino mass. These are based in Ref. [56] and we
find they agree with those from Refs. [20,47].

1. B → Knin j

We can write the differential branching fraction for the B →
Knin j decay as

d2B
dq2d cos θν

= τB

4

[
G(0)(q2)

+G(1)(q2) cos θν + G(2)(q2)

2

(
3 cos2 θν − 1

) ]
, (C1)

123
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where τB is the total B-meson lifetime. The q2-dependent
functions (G(i) = N G̃(i)) are given in terms of the helicity
amplitudes as

G̃(0) =
(

4ω+
i j + λγ ∗

3q2

)
|hV |2 +

(
4ω−

i j + λγ ∗

3q2

)
|hA|2

+
(

4ω−
i j + λγ ∗

q2

)
|hS|2 +

(
4ω+

i j + λγ ∗

q2

)
|hP |2

+16

(
ω+
i j − λγ ∗

12q2

)
|hT t |2 + 8

(
ω−
i j − λγ ∗

12q2

)
|hT |2

+16(mni E j + mn j Ei )Im[hV hT t∗]
+8

√
2(mni E j − mn j Ei )Im[hAhT∗], (C2)

where ω±
i j ≡ Ei E j ± mnimn j . The normalization factor is

defined as N = G2
F |λt |2α2

emλ
1/2
BKλ

1/2
γ ∗ /(128π5m3

Bq
2). Note

also that to ease the notation we have used λγ ∗ ≡ λ√
q2ni n j

.

For the other functions, which do not affect the differential
branching fraction once we integrate over the di-neutrino
angle, we have

G̃(1) = −4λ
1/2
γ ∗

(
Re

[
mi + m j√

q2
hV hS∗

+mni − mn j√
q2

hAhP∗
]

− Im
[
2hT thS∗ + √

2hT hP∗]
)

,

G̃(2) = −4λγ ∗

3q2

(
|hV |2+|hA|2−2|hT |2−4|hT t |2

)
. (C3)

The helicity amplitudes, in terms of the form factors from
Appendix B and the relevant WCs from the LEFT lagrangian
in Eq. (7) are given by

hV (A) = λ
1/2
BK

2
√
q2

(
C∗
V (A) + C

′∗
V (A)

)
f+,

hS(P) = m2
B − m2

K

2

(C∗
S(P) + C

′∗
S(P)

mb − ms

+mni ∓ mn j

q2

(
C∗
V (A) + C

′∗
V (A)

) )
f0,

hT = −i
λ

1/2
BK√

2(mB + mK )

(
C∗
T − C

′∗
T

)
fT ,

hT t = −i
λ

1/2
BK

2(mB + mK )

(
C∗
T + C

′∗
T

)
fT . (C4)

Note that in Eq. (C1) we need to take into account the pos-
sibility to have identical final state particles by dividing the
results by a factor of 2.

2. B → K ∗nin j

In the case of the decay into the vector meson, which sub-
sequently decays as K ∗ → Kπ , we have instead, after inte-
grating over the solid angle in the di-neutrino system, that

the differential branching fraction depends solely on two q2-
dependent functions, namely

d2B
dq2d cos θK

= 3τB

8

[
G0,0

0 (q2) + G2,0
0 (q2)

2

(
3 cos2 θK − 1

) ]
. (C5)

While the differential branching fraction depends solely
on G0,0

0 , the fraction of longitudinally polarized K ∗ mesons

is given by FL = (G0,0
0 +G2,0

0 )/(3G0,0
0 ). For these functions,

factorizing them again into Gi,0
0 = N G̃i,0

0 , with the overall

normalization N = G2
F |λt |2α2

emλ
1/2
BK ∗λ

1/2
γ ∗ /(128π5m3

Bq
2),

one finds

G̃0,0
0 = 4

9

(
3Ei E j + λγ ∗

4q2

) ∑

η=±,0

(
|HV

η |2 + |H A
η |2

)

+4mnimn j

3

∑

η=±,0

(
|HV

η |2 − |H A
η |2

)

+4

3

(
ω−
i j + λγ ∗

4q2

)
|HS|2 + 4

3

(
ω+
i j + λγ ∗

4q2

)
|HP |2

+16

9

(
3ω+

i j − λγ ∗

4q2

) ∑

η=±,0

|HTt
η |2

+8

9

(
3ω−

i j − λγ ∗

4q2

) ∑

η=±,0

|HT
η |2

+16

3
(mni E j + mn j Ei )Im(

∑

η=±,0

HV
η HTt∗

η )

+8
√

2

3
(mni E j − mn j Ei )Im(

∑

η=±,0

H A
η HT∗

η ), (C6)

and

G̃2,0
0 = −4

9

(
3Ei E j + λγ ∗

4q2

) [ ∑

η=±

(
|HV

η |2 + |H A
η |2

)

−2|HV
0 |2 − 2|H A

0 |2
]

− 4mnimn j

3

[ ∑

η=±

(|HV
η |2

−|H A
η |2) − 2|HV

0 |2 + 2|H A
0 |2

]

+8

3

(
ω−
i j + λγ ∗

4q2

)
|HS|2 + 8

3

(
ω+
i j + λγ ∗

4q2

)
|HP |2

−16

9

(
3ω+

i j − λγ ∗

4q2

)[ ∑

η=±
|HTt

η |2 − 2|HTt
0 |2

]

−8

9

(
3ω−

i j − λγ ∗

4q2

)[ ∑

η=±
|HT

η |2 − 2|HT
0 |2

]

−16

3
(mni E j + mn j Ei )

Im(
∑

η=±
HV

η HTt∗
η − 2HV

0 HTt∗
0 )

123
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−8
√

2

3
(mni E j − mn j Ei )

Im(
∑

η=±
H A

η HT∗
η − 2H A

0 HT∗
0 ). (C7)

The necessary helicity amplitudes are given now by

HV (A)
0 = 4imBmK ∗

√
q2

(C∗
V (A) − C

′∗
V (A))A12,

HV (A)
± = i

2(mB + mK ∗)

[
± (C∗

V (A) + C
′∗
V (A))λ

1/2
BK ∗V

−(mB + mK ∗)2(C∗
V (A) − C

′∗
V (A))A1

]
,

HS(P) = iλ1/2
BK ∗
2

(C∗
S(P) − C

′∗
S(P)

(mb + ms)

+mni ∓ mn j

q2 (C∗
V (A) − C

′∗
V (A))

)
A0,

HT
0 = 2

√
2mBmK ∗

mB + mK ∗
(C∗

T + C
′∗
T )T23,

HTt
0 = 2mBmK ∗

mB + mK ∗
(C∗

T − C
′∗
T )T23,

HT± = 1
√

2q2

(
± (C∗

T − C
′∗
T )λ

1/2
BK ∗T1

−(C∗
T + C

′∗
T )(m2

B − m2
K ∗)T2

)
,

HTt± = 1

2
√
q2

(
± (C∗

T + C
′∗
T )λ

1/2
BK ∗T1

−(C∗
T − C

′∗
T )(m2

B − m2
K ∗)T2

)
. (C8)
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15. D. Bečirević, G. Piazza, O. Sumensari, Revisiting B → K (∗)νν̄

decays in the Standard Model and beyond. Eur. Phys. J. C 83,
252 (2023). https://doi.org/10.1140/epjc/s10052-023-11388-z.
arXiv:2301.06990

16. P. Athron, R. Martinez, C. Sierra, B meson anomalies and large
B+ → K+νν in non-universal U(1)′ models. JHEP 02, 121 (2024).
https://doi.org/10.1007/JHEP02(2024)121. arXiv:2308.13426

17. R. Bause, H. Gisbert, G. Hiller, Implications of an enhanced
B→Kνν− branching ratio. Phys. Rev. D 109, 015006
(2024). https://doi.org/10.1103/PhysRevD.109.015006.
arXiv:2309.00075

18. L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz, O.
Sumensari, Understanding the first measurement of B(B→Kνν−).
Phys. Lett. B 848, 138411 (2024). https://doi.org/10.1016/j.
physletb.2023.138411. arXiv:2309.02246

19. Belle-II Collaboration, X.-G. He, X.-D. Ma, G. Valencia, Revis-
iting models that enhance B+→K+νν− in light of the new Belle
II measurement. Phys. Rev. D 109, 075019 (2024). https://doi.org/
10.1103/PhysRevD.109.075019. arXiv:2309.12741

20. T. Felkl, A. Giri, R. Mohanta, M.A. Schmidt, When energy
goes missing: new physics in b → sνν with sterile neutrinos.
Eur. Phys. J. C 83, 1135 (2023). https://doi.org/10.1140/epjc/
s10052-023-12326-9. arXiv:2309.02940

21. W. Altmannshofer, A. Crivellin, H. Haigh, G. Inguglia, J.
Martin Camalich, Light new physics in B → K (∗)νν̄?.
arXiv:2311.14629

22. H.K. Dreiner, J.Y. Günther, Z.S. Wang, The Decay B → Kνν̄ at
Belle II and a Massless Bino in R-parity-violating supersymmetry.
arXiv:2309.03727

23. C.-H. Chen, C.-W. Chiang, Flavor anomalies in leptoquark model
with gauged U(1)Lμ-Lτ . Phys. Rev. D 109, 075004 (2024). https://
doi.org/10.1103/PhysRevD.109.075004. (xarXiv:2309.12904)

24. A. Datta, D. Marfatia, L. Mukherjee, B→Kνν−, MiniBooNE
and muon g-2 anomalies from a dark sector. Phys. Rev.
D 109, L031701 (2024). https://doi.org/10.1103/PhysRevD.109.
L031701. arXiv:2310.15136

123

https://doi.org/10.1007/JHEP05(2014)082
https://doi.org/10.1007/JHEP05(2014)082
http://arxiv.org/abs/1403.8045
https://doi.org/10.1007/JHEP02(2016)104
http://arxiv.org/abs/1512.04442
https://doi.org/10.1140/epjc/s10052-017-4703-2
https://doi.org/10.1140/epjc/s10052-017-4703-2
http://arxiv.org/abs/1612.06764
https://doi.org/10.1103/PhysRevLett.125.011802
http://arxiv.org/abs/2003.04831
https://doi.org/10.1103/PhysRevD.98.112011
https://doi.org/10.1103/PhysRevD.98.112011
http://arxiv.org/abs/1806.00636
https://doi.org/10.1007/JHEP06(2016)116
https://doi.org/10.1007/JHEP06(2016)116
http://arxiv.org/abs/1512.07157
https://doi.org/10.1016/0550-3213(96)00051-X
https://doi.org/10.1016/0550-3213(96)00051-X
http://arxiv.org/abs/hep-ph/9510378
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/RevModPhys.68.1125
http://arxiv.org/abs/hep-ph/9512380
https://doi.org/10.1103/PhysRevD.63.014015
https://doi.org/10.1103/PhysRevD.63.014015
http://arxiv.org/abs/hep-ph/0006136
https://doi.org/10.1088/1126-6708/2009/11/011
http://arxiv.org/abs/0909.1512
https://doi.org/10.1007/JHEP02(2015)184
http://arxiv.org/abs/1409.4557
http://arxiv.org/abs/2311.14647
https://doi.org/10.1103/PhysRevD.93.025026
https://doi.org/10.1103/PhysRevD.93.025026
http://arxiv.org/abs/1509.06235
https://doi.org/10.1103/PhysRevD.107.014510
https://doi.org/10.1103/PhysRevD.107.014510
http://arxiv.org/abs/2207.12468
https://doi.org/10.1140/epjc/s10052-023-11388-z
http://arxiv.org/abs/2301.06990
https://doi.org/10.1007/JHEP02(2024)121
http://arxiv.org/abs/2308.13426
https://doi.org/10.1103/PhysRevD.109.015006
http://arxiv.org/abs/2309.00075
https://doi.org/10.1016/j.physletb.2023.138411
https://doi.org/10.1016/j.physletb.2023.138411
http://arxiv.org/abs/2309.02246
https://doi.org/10.1103/PhysRevD.109.075019
https://doi.org/10.1103/PhysRevD.109.075019
http://arxiv.org/abs/2309.12741
https://doi.org/10.1140/epjc/s10052-023-12326-9
https://doi.org/10.1140/epjc/s10052-023-12326-9
http://arxiv.org/abs/2309.02940
http://arxiv.org/abs/2311.14629
http://arxiv.org/abs/2309.03727
https://doi.org/10.1103/PhysRevD.109.075004
https://doi.org/10.1103/PhysRevD.109.075004
https://doi.org/10.1103/PhysRevD.109.L031701
https://doi.org/10.1103/PhysRevD.109.L031701
http://arxiv.org/abs/2310.15136


Eur. Phys. J. C (2024) 84 :795 Page 15 of 16 795

25. D. McKeen, J.N. Ng, D. Tuckler, Higgs portal interpretation
of the Belle II B+→K+νν measurement. Phys. Rev. D 109,
075006 (2024). https://doi.org/10.1103/PhysRevD.109.075006.
[arXiv:2312.00982]

26. K. Fridell, M. Ghosh, T. Okui, K. Tobioka, Decoding the B →
Kνν excess at Belle II: kinematics, operators, and masses.
arXiv:2312.12507

27. S.-Y. Ho, J. Kim, P. Ko, Recent B+ → K+νν̄ excess and muon g−2
illuminating light dark sector with Higgs portal. arXiv:2401.10112

28. C.-H. Chen, C.-W. Chiang, Rare B and K decays in a scotogenic
model. arXiv:2403.02897

29. E. Gabrielli, L. Marzola, K. Müürsepp, M. Raidal, Explain-
ing the B+ → K+νν̄ excess via a massless dark photon.
arXiv:2402.05901

30. P.D. Bolton, S. Fajfer, J.F. Kamenik, M. Novoa-Brunet, Signatures
of light new particles in B → K (∗)Emiss. arXiv:2403.13887

31. X.-G. He, X.-D. Ma, M.A. Schmidt, G. Valencia, R.R. Volkas,
Scalar dark matter explanation of the excess in the Belle II B+ →
K+ + invisible measurement. arXiv:2403.12485

32. F.-Z. Chen, Q. Wen, F. Xu, Correlating B → K (∗)νν̄ and flavor
anomalies in SMEFT. arXiv:2401.11552

33. B.-F. Hou, X.-Q. Li, M. Shen, Y.-D. Yang, X.-B. Yuan, Deciphering
the Belle II data on B → Kνν̄ decay in the (dark) SMEFT with
minimal flavour violation. arXiv:2402.19208

34. P. Minkowski, μ → eγ at a rate of one out of 109 muon
decays? Phys. Lett. 67B, 421–428 (1977). https://doi.org/10.1016/
0370-2693(77)90435-X

35. R.N. Mohapatra, G. Senjanovic, Neutrino mass and spontaneous
parity nonconservation. Phys. Rev. Lett. 44, 912 (1980). https://
doi.org/10.1103/PhysRevLett.44.912

36. T. Yanagida, Horizontal gauge symmetry and masses of neutrinos.
Conf. Proc. C 7902131, 95–99 (1979)

37. M. Gell-Mann, P. Ramond, R. Slansky, Complex spinors
and unified theories. Conf. Proc. C 790927, 315–321 (1979).
arXiv:1306.4669

38. G.C. Branco, W. Grimus, L. Lavoura, The seesaw mechanism in
the presence of a conserved lepton number. Nucl. Phys. B 312, 492
(1989). https://doi.org/10.1016/0550-3213(89)90304-0

39. J. Kersten, AYu. Smirnov, Right-handed neutrinos at CERN LHC
and the mechanism of neutrino mass generation. Phys. Rev. D
76, 073005 (2007). https://doi.org/10.1103/PhysRevD.76.073005.
arXiv:0705.3221

40. A. Abada, C. Biggio, F. Bonnet, M.B. Gavela, T. Hambye, Low
energy effects of neutrino masses. JHEP 12, 061 (2007). https://
doi.org/10.1088/1126-6708/2007/12/061. arXiv:0707.4058

41. R.N. Mohapatra, Mechanism for understanding small neutrino
mass in superstring theories. Phys. Rev. Lett. 56, 561–563 (1986).
https://doi.org/10.1103/PhysRevLett.56.561

42. R.N. Mohapatra, J.W.F. Valle, Neutrino mass and baryon num-
ber nonconservation in superstring models. Phys. Rev. D 34, 1642
(1986). https://doi.org/10.1103/PhysRevD.34.1642

43. E.K. Akhmedov, M. Lindner, E. Schnapka, J.W.F. Valle, Left-
right symmetry breaking in NJL approach. Phys. Lett. B 368,
270–280 (1996). https://doi.org/10.1016/0370-2693(95)01504-3.
arXiv:hep-ph/9507275

44. M. Malinsky, J.C. Romao, J.W.F. Valle, Novel supersym-
metric SO(10) seesaw mechanism. Phys. Rev. Lett. 95,
161801 (2005). https://doi.org/10.1103/PhysRevLett.95.161801.
arXiv:hep-ph/0506296

45. Y. Liao, X.-D. Ma, Operators up to dimension seven in standard
model effective field theory extended with sterile neutrinos. Phys.
Rev. D 96, 015012 (2017). https://doi.org/10.1103/PhysRevD.96.
015012. arXiv:1612.04527

46. A. Donini, P. Hernandez, J. Lopez-Pavon, M. Maltoni, Minimal
models with light sterile neutrinos. JHEP 07, 105 (2011). https://
doi.org/10.1007/JHEP07(2011)105. arXiv:1106.0064

47. T. Felkl, S.L. Li, M.A. Schmidt, A tale of invisibility: constraints
on new physics in b → sνν. JHEP 12, 118 (2021). https://doi.org/
10.1007/JHEP12(2021)118. arXiv:2111.04327

48. D. Marzocca, M. Nardecchia, A. Stanzione, C. Toni, Implica-
tions of B → Kνν̄ under rank-one flavor violation hypothesis.
arXiv:2404.06533

49. R. Alonso, B. Grinstein, J. Martin Camalich, SU (2)×U (1) gauge
invariance and the shape of new physics in rare B decays. Phys. Rev.
Lett. 113, 241802 (2014). https://doi.org/10.1103/PhysRevLett.
113.241802. arXiv:1407.7044

50. R. Bause, H. Gisbert, M. Golz, G. Hiller, Lepton universal-
ity and lepton flavor conservation tests with dineutrino modes.
Eur. Phys. J. C 82, 164 (2022). https://doi.org/10.1140/epjc/
s10052-022-10113-6. arXiv:2007.05001

51. R. Bause, H. Gisbert, M. Golz, G. Hiller, Interplay of dineutrino
modes with semileptonic rare B-decays. JHEP 12, 061 (2021).
https://doi.org/10.1007/JHEP12(2021)061. arXiv:2109.01675

52. M. González-Alonso, J. Martin Camalich K. Mimouni,
Renormalization-group evolution of new physics contribu-
tions to (semi)leptonic meson decays. Phys. Lett. B 772,
777–785 (2017). https://doi.org/10.1016/j.physletb.2017.07.003.
arXiv:1706.00410

53. E. Fernández-Martínez, M. González-López, J. Hernández-García,
M. Hostert, J. López-Pavón, Effective portals to heavy neu-
tral leptons. JHEP 09, 001 (2023). https://doi.org/10.1007/
JHEP09(2023)001. arXiv:2304.06772

54. W. Altmannshofer, P. Ball, A. Bharucha, A.J. Buras, D.M. Straub,
M. Wick, Symmetries and asymmetries of B → K ∗μ+μ− decays
in the Standard Model and beyond. JHEP 01, 019 (2009). https://
doi.org/10.1088/1126-6708/2009/01/019. arXiv:0811.1214

55. W. Altmannshofer, A.J. Buras, D.M. Straub, M. Wick, New strate-
gies for New Physics search in B → K ∗νν̄, B → Kνν̄ and
B → Xsνν̄ decays. JHEP 04, 022 (2009). https://doi.org/10.1088/
1126-6708/2009/04/022. arXiv:0902.0160

56. J. Gratrex, M. Hopfer, R. Zwicky, Generalised helicity formalism,
higher moments and the B → KJK (→ Kπ)
̄1
2 angular distri-
butions. Phys. Rev. D 93, 054008 (2016). https://doi.org/10.1103/
PhysRevD.93.054008. arXiv:1506.03970
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