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Abstract Belle II recently reported the first measurement
of Bt — KT + inv, which is 2.80 above the Standard
Model prediction. We explore the available parameter space
of new physics within Standard Model effective field theory
extended by sterile neutrinos (VSMEFT) and provide predic-
tions for the other B — K ® + inv decay modes and invisi-
ble B, decays. We also briefly comment on charged current
decays B — D™ ¢v and possible ultraviolet completions of
the relevant vYSMEFT operators.

1 Introduction

The Belle II experiment recently announced the first mea-
surement of BT — K7 + inv with a branching ratio
of BR(BY — KT +inv) = (2.4 £ 0.7) x 107 [1],
which is 2.80 above the Standard Model (SM) prediction
BR(BT — K*tvi)sy = (5.06 £ 0.14 +0.28) x 1076 [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 1o, the more sensitive inclusive tag analysis shows a
30 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(BT — KT +inv) =
(1.44+04) x 1073 [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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Bt — K™ +inv motivated by the result of the 2021 Belle I
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®<tN, with sterile neutrinos N. Light GeV-scale
sterile neutrinos may also explain neutrino masses via the
seesaw mechanism [36] like in the vMSM [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 BT 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®vi 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].
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In this work, we will build on a previous analysis within
LEFT [12], but work within SM effective field theory
extended by sterile neutrinos (VSMEFT). Within the frame-
work of VSMEFT 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 BT — K™ + inv and
are consistent with the non-observation of the other three
B — K® 4+ inv decay modes, invisible By decays and
measurements of charged current B — D™ ¢ decays. We
also point out ultraviolet (UV) completions for the viable
VSMEFT operators.

The remainder of the paper is structured as follows.
In Sect. 2 we introduce the effective field theory (EFT)
framework, discuss both vSMEFT 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 vVSMEFT
which contribute to b — svv at tree level. We focus on
the four semi-leptonic 4-fermion operators with sterile neu-
trinos [48]

£ =C®Qy Q(Ny"N) + C™N(dy,d)(Ny"N)
+CNULY N)eap(0P d)
+CHNUIT (L2651 Neys (0P 00 d), (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, o "’ = ’5 [y*, yV]and the Levi-Civita
tensor is defined with €15 = 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 ONQd and OMNQAT do not mix under
1-loop QCD renormalisation group (RG) running. The tensor
operator O™NQIT i related to the scalar operators in [48] via
a Fierz transformation

(L¥0""N)eap(QP o,10d)

= —8(L%d)eqp(QP N) — 4(L* N)eup (0P d). 2)

For this analysis we define all vYSMEFT operators at the
scale u = 1 TeV. At the electroweak scale Agw = my,
the vSMEFT operators are matched onto LEFT.

@ Springer

Only a few operators in LEFT are generated at tree level
from the set of vYSMEFT operators introduced above. The
relevant interactions for b — svv and b — c£v processes
are described by the Lagrangian [49,50]

L= Z VLXOVLX (CELIIZ_,LOgd + CTLL@TLL

X=L.R
+ OO ON + CS OSH, + ClL- Ol 4+ he.)
(3)

with the effective operators

O™ = ryvp)dxydy).

Opi™ = (g vr)(drdy),

Ol = (Vv ) (dro™dy), @
OVedi = (OLyper)dpy™up),

Oledu = (Ver)(dgur).

O — (W o,ver)(dra™ ur).

Right-handed neutrinos N are expressed in terms of left-
handed Weyl spinors v, = N¢ = CNT with the charge
conjugation matrix C = iy2y". SM neutrinos carry the gen-
eration index o = 1, 2, 3 and sterile neutrinos are labelled
with o > 4.

Note that the scalar operator OEL;L is symmetric in the neu-
trino flavours and the tensor operator (’)E;L is antisymmet-
ric in the neutrino flavours, which can be straightforwardly
derived from

Yry =nryiry;, C'rc=nrr’,

{-I—l for I' =1, ys, y*ys
nro= . (&)
—1 for I'=yH* oP o ys

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

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

! There are further LEFT operators

OSER = (Vv )drdr)  OWER = (Wryuer)dry"ur)
OSRE = (Wper)(drur)  OYRE = (v yuer)drytur) ©)
OSIR = (Wer)(drur) OYRR = (v yuer)(dry"ug)

OSRR = (WTer)(dLur) OIRR = (ouver)(dLo" ug)
that also contribute to bespoke processes, but are not induced via tree-
level matching to the considered dimension-6 vSMEFT 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 VSMEFT are defined in the interaction basis,
where the charged leptons and down-type quarks are mass
eigenstates. Up-type quark mass eigenstates i; and neu-
trino mass eigenstates ; are related to the interaction basis
by
Uy = (VT)aiﬁia Vo = Uyibi, N
where V denotes the Cabibbo—Kobayashi—-Maskawa (CKM)
matrix, and U is the leptonic mixing matrix. The top-
left 3 x 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, m, < mp, 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|?> < 1073, 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 — svv pro-
cesses and vector operators with o, 8 > 4

VLL  _ QN
Codapst = —Copp—3)(@—3) ®
CVIR  _ _ ~dN
vd,afsb — sb(B—3)(x—3)
and for the scalar and tensor operators
1 ~LNQd .
CSL';LB b= EC%xQ—dms a>4 1<p=<3
vd,afsb — ) 1 * . ,
2Cpiaps 1 sa=3 p=4
1 ~LNQd=* .
CSiL s = icfﬁ&f)m =4 1=p=3
vd,apbs — 1 * . B
3Cupiny 1=a=3 =4 ©)
1 ~LNQdT+ .
Cod'apsh = icﬁ‘%ﬁé’ﬁ% wzhl=ps=s
vd,affsb — 1 * . .
—3Cpaps 1= =3 p=4
1 ~LNQdTx .
S -
vd,afbs — 1 * . :
_fcot(ﬂ—li)sh 1 f (04 S 3’ /3 2 4

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

SLL LNQdx
CUEd"’a'BbC - _V;;”Cﬁ(a—@mh’ 10
CTLL _ _y* CLNQUTx h o> 4 (10)

vedu,apbc — = Yem™ B(a—3)mb with o > 4.

In addition to the contribution from vSMEFT dimension-6
operators, the SM contribution to the LEFT operators rele-
vant for b — s, ¢ processes can be summarised as

cViLsv _ _4GF o o, , X

vd,aBsb _«/5 o 1S t sin2 O af s 0
viLsm _ 4GF )

vedu,apbc — — ﬁ cbhOap

in terms of the function X [56]. The Wilson coefficient for
b — svv includes electroweak corrections induced by top
quarks at 2-loop order, which are numerically given by X =
6.3772 sin” 6, [S7-59].

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 C7 are

dinCT _c o (12)
dinpg T2

dinC% cr e

dinp 2

with the second Casimir invariant Cr = (N, 02 — 1)/2N, =
4/3for N, =3 and oy = g% /4. Taking into account 1-loop
QCD running, we arrive at

3Cr/b
CS(uy) = (M) CS(ua).
as(ir)

o (13)
T as(u2) Crib T
C (uy) = C" (u2),
o (per)
where b = —11+ %nf and n ¢ 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 © = 4.8 GeV and the vSMEFT Wilson
coefficient at © = 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 vYSMEFT to LEFT.

3 Phenomenology

Belle II measured [1] the decay BY — K™ + inv with a
branching ratio of BR(B* — K+ +1inv) = (2.4 +£0.7) x
107 assuming a 3-body decay with massless neutrinos,
which is above the 90% CL exclusion limit of BR(BT —
Kt +inv) < 1.6 x 107 [5]. Together with the previ-
ous searches for Bt — KT + inv [4,5,60], the Belle
II measurement results in a simple weighted average of
BR(B* — Kt +inv) = (1.4 £ 0.4) x 107 [1]. The
other searches for B — K® 4 inv so far only resulted in

@ Springer
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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 to C = 0.01 TeV 2 at . = 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 m; = 1.5 GeV

upper limits of BR(B® — K° +inv) < 2.6 x 107 [4],
BR(B? - K** +inv) < 1.8 x 107 [4], and BR(Bt —
K** +inv) < 4.0 x 1072 [3].

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

dI'(B — Kvevg)

= GV,

7 TR

dI'(B — K*(— Km)vevp) _ 3 Gg,o(qz)’
dg? 4(1 + 8ap)

(14)

where the coefficients G (© (q2) and Gg’o(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.’
Kinematics constrains ¢ to lie in the range (my + m ,3)2 <
g> < (mpg+ — mg+)?. 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*vv 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 ¢? distri-
bution compared to the SM prediction, see e.g. [12], which
is illustrated in Fig. 1 for BT — KT vv. The ¢ distributions
of B — K®yyv decays are also dependent on the sterile

2 Reference [4] quotes the upper bound on the branching ratio for B® —
Kguv which we translated to B® — KOvv.

3 Note, in contrast to [12], the symmetry factor (1 + 8qp) for identi-
cal neutrinos has been explicitly included in the differential decay rate
instead of the normalisation factor N.
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neutrino mass and Lorentz structure of the operators. Heavy
sterile neutrinos do not contribute below ¢> < 4m% for the
vector operators O and O and ¢? < m% for scalar oper-
ators O™QN and tensor operators OMNT  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 ¢2.
The experimental efficiency however is largest for small ¢>
and reduced for large ¢2. As there is currently no publicly
available ¢? distribution which could be used for recasting
the Belle Il result [1], we only consider branching ratios and
do not take into account modifications to the ¢ 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 g2
distribution.

In addition to the short-distance contribution, there is a
long-distance tree-level contribution to Bt — K™% i in
the SM. [64] It is mediated by a 7 lepton, BT — 17 (—
K ®*95,)v;. The interference between the long-distance and
short-distance contributions is negligible due to the nar-
row T resonance [64] and thus the total branching ratio for
Bt — K™®Tvi 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 By
mesons. Reference [65] recently derived a first upper bound
on the branching ratio of invisible By decays using LEP data
with BR(B; — inv) < 5.9 x 10~*. It may also be probed
at the Belle II experiment: Using an integrated luminosity of
5ab~! allows to probe BR(B; — inv) > 1.1 x 1073 [66].
The branching ratio for identical final state neutrinos is given
by

3 22
TBSmBs st
BR(B; — vgvg) = —— 2278
32
2
VLR VLL 2 2
X ( ‘Cvd,aasb - Cvd,owzsb Xo Y 1 - 4xo¢
2N\3/2
+ |oStlx _ oSLL 2 (1 —4x5) /
vd,aabs vd,aasb 4 2
b
2
4+ |eStlx 4 oSLL 2 V1 —dxg
vd,xabs vd,xasb 4 2
Xp
VLR VLL SLL SLLx
+Re I:(Cvd,aasb - Cvd,aasb)(cvd,aabx + Cvd,aasb):l
Xoy/1 —4x2
X —————— |,
Xb

(15)
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with x, = my/mp, and x, = mp/mp_. 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]

5 f2
g my f
BR(B; — vgVy) = —323
64 my,
2
SLL SLL
X < Cvd,ozozbs Cvd,otozsb ) . (16)

Directly related to the discussed processes are the rare
decays By — ¢vv and A, — A®vv which provide inde-
pendent information. The differential branching ratio for
By — ¢vv has the same form as the one for B — K*vv
with the form factors replaced by the B; — ¢ form factors
presented in [61]. See [67] for a calculation in SMEFT. The
differential branching ratio for A, — A™®v7 has been cal-
culated in [68] within SMEFT. Within vSMEFT it may be
obtained from the differential branching ratio for the rare A
decay with charged leptons, see [69], similar to the discus-
sionof B — K ®vv in[12]. These channels are inaccessible
at the Belle II experiment running at the 7" (4.5) 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 By — ¢vv
and A, — A®vv 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 — cfv.
The differential branching ratios are obtained by exchanging
Vg — ey in Eq. (14) and dropping the factors (1 + 844) 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 % =
0.995+0.045 [74] which is consistent with the SM prediction
of 0.997. Similarly, the measurement of ﬁgz—m =
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 grp—yar; = 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 B, 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™ — KT +inv as a function of the ster-
ile neutrino mass m1. The light-blue band indicates the 1o -
allowed region of parameter space which explains the sim-
ple weighted average for BR(BT — K +inv). The hatched
light-blue region indicates the parameter space explaining the
Belle IT measurement. Wilson coefficients above the solid red
and green contour lines are excluded at 90% CL by the non-
observation of B — K*0+invand B® — K%+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¥ — KT +inv.
The constraint from B — K* + inv is weakened for large
sterile neutrino masses m| ~ 4 GeV because of the larger
mass of the K* meson and thus reduced phase space. As
large sterile neutrino masses modify the ¢2 distribution and
the experimental efficiency is generally lower for large ¢, a
more careful analysis using the full g2 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 OV 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 m; = 1.5 GeV. This feature is again
due to the smaller phase space for decays to K* mesons and

@ Springer
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10°
o107t
2
=
Z = 10—2
T
— B K* 4 iny — B K 4 iny
10_3 — B’ 5 K% +inv 10_3 — BY 5 K% 4inv
0 1 2 3 4 0 1 2 3 4

my (GeV)

— B' = K*4iny
— B’ 5 K% +inv

0 1 2 3 4
my (GeV)

Fig. 2 The red (green) contour line stands for the present bound on
BR(B? — K*9(K°) + inv), and the respective regions above these
lines are therefore ruled out. The light-blue band symbolises the simple

requires a more detailed analysis using the ¢ distribution
to arrive at a conclusive result. The same conclusion holds
for the vector operator O 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
O™NQd whose contributionto B — K *vv 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 g2 distribution, they dominantly contribute to
the large g2 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 By 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
BT — K™ + inv. Figure 3 shows the dependence of the
(total) branching ratio BR(BT — KT vv) as a function of
the Wilson coefficient for two benchmark masses of m| =
0 (1.5) GeV on the left (right). The vertical red (green) line
indicates the most stringent constraint from B — K* + inv

@ Springer

my (GeV)

weighted average for BR(B* — K™ 4 inv), and the hatched light-blue
region is compatible with the 2023 Belle II measurement

(B — K +inv), which excludes the region to the right of the
line. The horizontal light-blue bands again indicate the region
preferred by BY — KT +inv. Figure 3 (top row) shows the
branching ratio as a function of the Wilson coefficient for
the vector operator 0%1\111 with left-handed quark doublets.
The top-left figure clearly illustrates the conflict between the
measurement of BT — KT +inv and the non-observation of
BY — K*0tinv for massless sterile neutrinos. Form; = 1.5
GeV, B — K*0 4 inv constrains C%Ifl < 0.037TeV~2,
which limits the excess in BT — KT + 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 QN with
right-handed down-type quarks. Similarly, Fig. 3 (bottom
row) illustrates the dependence of BR(BT™ — KTvv) on
the scalar Wilson coefficient Cé“ggd. The region to the left of
the vertical green and red lines is consistent with the neutral
decay modes B — K*vv 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 By decay (black), BY - K*%vv (red), Bt —
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1074

|

my = 0GeV

— B K4y
— BY 5 K%+ inv
10-6 - -
0.000  0.025 0.050 0.075  0.100
02%1111 (TeV_Z)

1074

my = 0GeV

— B K04 inv
— B K% +inv
10-6 - -

0.000 0.025 0.050 0.075  0.100

Coys (TeV™2)

Fig. 3 The red (green) line stands for the present bound on BR(BY —
K*0(K %)+ 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(BT™ — K™ + inv), and the hatched light-blue region

K**tvv (orange), B — K% (green), and B — KTvv
(blue) as a function of the scalar C;‘llg?d and vector C%I\lll
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
1ab~!, Belle Il is sensitive to the signal strength of 2.06 for

N
S
+
g
/I\
+
- my = 1.5GeV
[a'ef
m
— B K*0 4 inv
— B> K%+ inv
106 : —L
0.000 0.025 0.050 0.075  0.100
C%Ifl (TQV_Q)
104

N

Y

+

g

T

+

- my = 1.5GeV

[a'st

m
— B K* +inv
— BY 5 K%+ inv

10°6 -
0.000  0.025 0.050 0.075  0.100
Cnzg" (TeV™?)

is compatible with the 2023 Belle II measurement. The plots in the top

row also apply to the operator N and the plots in the bottom row also
LNQd

apply to O35

B® — K° 4 inv and thus is able to probe the entire region
favoured by Bt — 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 BY — Kk*0 +iny
are able to probe most of the preferred parameter space for
scalar operators, while BT — K**+inv is less sensitive. For
the vector operator explanation, the decays B — K*vv are
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my = 0GeV

107

o'
m

— K*up

10721 Bt — K*tu

— BY > K%

— Bt > Ktww

0.000 0.025 0050 0.075 0.100
LNQd —
02123Q (Te\/ 2)

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 B — K*O 4+ inv (red), B¥ — K** + inv (orange),

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 B decays based on LEP data [65]. Belle
I’s ability to probe BR(B; — inv) > 1.1 x 107> with an
integrated luminosity of 5 ab~! [66] will provide a conclusive
test of the described explanations of B¥ — K Tvv for both
scalar and vector operators. The scalar operator contribution
is not helicity suppressed, as outlined in Sect. 3, and thus
the invisible By decay is sensitive to the full sterile neutrino
mass range. The vector operator contribution is helicity sup-
pressed, but the explanation of the excessin BT — KT +inv
requires large sterile neutrino masses m| 2 1.5 GeV and thus
invisible By 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 B — K*9+inv(B® — K%+inv)inred( green)
using the current upper limits [3,4]. Larger Wilson coeffi-
cients are excluded. The constraint from Bt — K** +inv is
weaker than B® — K*Y +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 Il measurement of BY — KT + inv.

Figure 5 (top row) illustrates the correlation between
the vector operators with right-handed down-type quarks,
Oggﬁ 1» and left-handed quark doublets, O%I\lll. Their con-
tribution to the branching ratio of B — Kvv is propor-
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my = 1.5 GeV

107

BR

By — vv
BY — K*py
BT — K*"vy
B — K%

BT — KTvv

0.050  0.075
(TeV™2)

10—5.

0.025

QN
C’2311

0.000 0.100

BY - KO +inv (green), and By — inv (black). The light-blue band
symbolises the simple weighted average for BR(BT™ — K™ + inv)
and the hatched light-blue region is compatible with the 2023 Belle 11
measurement

tional to | QY. + N [*. while for the branching ratios of
10nal to 2311+ 2311 , wnile 10r ¢ pbranc 1ngraloso

B — K™vv 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 exclusionregion, the decay B — K vv isinsensi-
tive to CZQ;\]I] = —CgSN” and thus the search for B — K +inv
is unable to probe this direction in parameter space. Increas-
ing the sterile neutrino mass to m; = 1.5 GeV, see Fig. 5
(top right), reduces the contribution to B — K*vv 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 (’)]2‘ fgd and the vector operator
O%I\III 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 m; = 1.5
GeV, where the dominant constraint originates from BY —
K*O + inv and the constraint from B — K° + 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 O with right-handed down-type quarks is consid-
ered.
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0.20

— B K* +inv
— B K°+4inv
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0.20
— B K +inv
— B K%+inv

my = 0GeV

O

0.0 0.1

(TeV™2)

—0.1 0.2

QN
C’2311
Fig. 5 The red (green) contour line stands for the present bound on

BR(B? - K*9(K?) + inv), and the respective regions outside of these
lines are therefore ruled out. The light-blue band symbolises the simple

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 vSMEFT. The most straight-
forward UV completion of the scalar operator O*NQ is pro-
vided by a second electroweak doublet scalar n ~ (1, 2, — %)
with its Yukawa interactions LNn and Qiopn*d. Integrat-
ing out the electroweak doublet scalar n results in the scalar
operator O™NQ4_ byt it also generates the 4-fermion opera-
tors (I:yML)(]\_/y“N) and (Qyu Q)(ciyud). The latter con-
tributes to By — By mixing and the former to charged lepton

— B K*0 +inv
— B K%+ inv

—0.101

—0.151

—0.20
—0.2

0.1

0.0

—0.1 .
O (Tev—2)

2311

0.20
— B K +iny
— BY 5 K%+inv

my = 1.5GeV

0.157
0.101
0.051
0.001

—0.051

g™ (TeV ™)

—0.101
—0.151

—0.20

02 —01 00 0.1 0.2

02%1;11 (Te\/_2)

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

decays ¢; — £; +inv which both have to be considered in a
UV-complete model. The required size of the scalar Wilson
coefficient CINQ4 ~ (.02 TeV~2 requires the electroweak
doublet scalar to have a mass of at most O(7) TeV for Yukawa
couplings of order unity.

The vector operators are straightforwardly generated
using leptoquarks, see e.g. [84] for a review. The S; ~
3.1, %) leptoquark leads to the operator O via its Yukawa
interaction N¢S;d and thus does not contribute to By — By
mixing at tree level. Its other leptoquark couplings generate
the SMEFT operators O, and OLeQu.3) and ORI gee
e.g. [85]. Similarly, the leptoquark Ry~ (3,2, é) may gen-

@ Springer
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erate the operator O via its Yukawa interaction QR N,
which does not contribute to B; — By mixing at tree level. Its
other Yukawa interaction d I§2L contributes to the SMEFT
operator O™ [85]. The required size of the vector Wilson
coefficient CN-9N ~ (.03 TeV 2 requires the leptoquark to
have a mass of at most O(6) TeV for Yukawa couplings of
order unity. The operators OMQ(1:3) and O™ may also con-
tribute to B — K ® v, 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 excessin BT — K+
inv may be explained within vYSMEFT. Within vSMEFT there
are four 4-fermion operators with sterile neutrinos which may
contribute to BT — KT + 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 g2
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 ¢? distribution, because it is currently
not available. The tensor operator is strongly constrained by
BY — K*% +inv and thus is not able to significantly con-
tribute to BT — KT +inv.

We find that the excessin BT — K T+inv is most straight-
forwardly explained by scalar operators with sterile neutrinos
irrespective of their mass. This scenario can be conclusively
probed using invisible By decays at Belle Il and the rare semi-
leptonic decay B — K®° 4 inv in the near future using
1 ab~! of data. Vector operators may be able to explain the
excess of BT — K™ + inv for intermediate sterile neutrino
masses of m; = 1.5 GeV assuming no significant changes
to the ¢ 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
mi ~ 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 By decay
and B — K®0 4 iny.

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 B; — By mixing at tree level. The vector operators
can be straightforwardly generated using leptoquarks: the Sy
leptoquark may result in O9N and the R, leptoquark in O9N,
Generally, all UV completions also generate other vYSMEFT
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 vYSMEFT oper-
ators in a future study and to investigate explanations of the

@ Springer

excess in UV complete models together with other observ-
ables.
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AS,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=cu) Y (CiapOiap+ CioapOiup), (17)
i op

where i runs over S, P, V, A, T and cy determines the nor-
malisation of the operators. Similar to [12] we use cy = 1,
which differs from [46] where the normalisation cy =
4r o V5 Vip has been used. The operators are

NREME

Os(pyap = (cLb)(eq(¥5)vp),
Ov(ayap = (cLy"b)(eayu(¥s)vp). (18)
OTap = (aalwb)(aau.vvﬁ)'
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The primed operators are obtained by replacing c;, —
cr, ie. O = Ol¢;—cp Where gr g = P, rq. The Wilson
coefficients in the S, P, V, A, 7 basis are given in terms of
the chiral basis by

1 VRL: VLL
CVotﬁ = E (Cvea'ujkﬂotbc vedu*ﬁabc>
1
Chaap = 2 ( vedu ﬂotbc vedu Babc)
1 VRR
CQ/aﬁ = E ( vedu*ﬁabc + Cvedu ﬂabc)
1 VRR
C:%tﬁ = E (C ea’u*ﬂabc - vedu ﬁabc)
C _l SLL* SRL*
Sap = ) Credu ,Botbc Cledi ,Babc (19)
Cpus = - (CSLL* CSRL
Pop = 2 vedu ,Babc vedu ,Babc
1 SLR
C./S'otﬂ = E ( wdu*ﬂabc + Cvea’u ﬂabc)
/ _ l (CSLR* o )
Pap — 2 vedu,Babc vedu ,Babc

_ ~TLLx
Crap = Cuedu,ﬂozbc )

TRRx
CTaﬁ Cvedu,ﬁozbc'

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

1
£=en Z aXﬁ;(c,-,a,e Oiap + Clop O} up)- (20)
l 5

The operators with Majorana neutrinos are obtained from
Eq. (18) using ¢, — vy and ¢ — . 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, 7 basis

VLL
CVaﬂ = Cvd,[otﬂ]sb’

Chap = _CXdL,%aﬁ)sbv

Chap = Cod lapisb

Chap = ~Cod (upysb

Csap = C%Eaﬁ)sb + C%,L(Ea)bsv
Crap = ~Coii(ap)sb + Cot (barbs:

SLL SLR
Csap = Cod wpysh T Cod.(Fabs®

Chap = ~Codaprsp + Cod (aoms’

CTap = 2C, [ huips-

Clap = 2Cud [upish 21)
where «, B denote the neutrino flavours. Parentheses (...)

indicate symmetrisation and square brackets [...] indicate
anti-symmetrisation of the neutrino flavour indices as in

1
M(ab) = E (Map — Mpg) .

(22)

1
5 (Map + Mpg) , M[ab] =

B By — vy

An important observable is given by invisible B decays.
In this section, we provide the general branching ratio for
By — vyvg. We define the form factors

(0I5y " ysb| By (P))

(0I5ysb| By (P)) = —i

=ifp, PH,
hp (23)

s

my +my’

where the scalar and vector form factors are related by
hp, = mB fB,. Using the S, P, V, A, T basis, we find for
the branchmg ratio of By — vy vg

M, X2, xB) T mYy f3
647 (1 + Sap)

BR(B; — vyvp) =

(1 = (xg + x5)H) (xg — xp)?

2
X < ‘Cvaﬂ - C@O{ﬂ

2

+|Caup — Chop| (1= (xa — xp)%) (xe + xp)°
21— (xq +2xp)°

+|Coor = Coon g, e
21— (xg —xp)?

+ CPo{ﬂ - C}:‘aﬁ —(Xb j_xs)z

+2Re I:(Cva/g — C{/alg)(cSaﬂ - C./S‘aﬁ)*]

X (1 — xqxg — xé) —xg(1 — xqxp — xé)
X

Xp + Xg
+2Re [ (Caup = Chag) Crap = Cpp)* |

Xo (1 + xqxg — x(%) + xg(1 + xqxg — xé)
X , (24)
Xp + X
with xq = m“ and the Killén function A(x, y,z) = x> +
y +72 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

@ Springer
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ratio is symmetric in the final state neutrino flavours. For
identical final state neutrinos the branching ratio reduces to

BR(B; — vyvy) =

TB, m%s ff%s
1287

2
><<4|CAW — Clige| %2/ 1 — 4x2

2 (1—4x2)3?
+[Csua = Chye| —"—
Xb

2 1— 4x2

+ |CPocot - C/Paa| \/?

Xp

+4Re [(CA(xo[ - C:Q(xa)(CPO{Ol - C/POZOK)*]
anm)

Xb

(25)

where we used x; < xp.
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