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Motivated by a recent Belle II measurement that suggests an excess in the rare decay B — KE;, and
building upon our recent differential decay rate likelihood analysis of the existing experimental
information, we investigate possible new physics (NP) scenarios in which light invisible states participate
in flavor-changing b — s transitions. In particular, we consider the total and differential B — K*E ;i
decay rates and K* polarization effects in each NP scenario preferred by the B - KE,;,, measurement. We
show that future measurements of these B — K* E ;i observables will offer decisive discrimination among
the different NP explanations. Our results highlight the strong complementarity of the rare semi-invisible
b-hadron decay observables, and underline the importance of analysing their momentum transfer spectra

when probing extensions of the Standard Model that feature new light degrees of freedom.
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I. INTRODUCTION

The b-hadron decays to (semi-)invisible final states,
B— K(*)Emiss’ By — Episs, By — ¢Emiss’ and Ab - AEmiss’
offer challenging tests of the Standard Model (SM). The
semi-invisible processes are mediated in the SM by the
well-known flavor-changing neutral current (FCNC) tran-
sition b — svv [1-3], with the missing energy FE e
originating from an undetected pair of massless neutrinos.
Tantalizingly, the most precisely measured branching ratio
at present is

B(BY = K" Epigs) = (23 £0.7)x 1075, (1)

from the Belle II collaboration [4], lying 2.9¢ above the
SM prediction [5]. In the b — svv interpretation, the
B — KE,; decay is only sensitive to the vector part
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of the weak quark current (l_ayﬂs), while the decay
B — K*E;, receives contributions from both vector and
axial-vector (l_)yﬂyss) currents. This dependence can pro-
vide complementary information on the underlying short-
distance dynamics, given that the relevant hadronic matrix
elements are well understood within existing theoretical
frameworks [3,6]. Currently, only experimental upper
bounds apply for the branching ratio B — K*E,;, the
most stringent being

B(B® - K™ E,,) < 1.8 x 1075 (90% CL),  (2)

from the Belle collaboration [7]. Nonetheless, it already
puts important constraints on possible explanations of the
B — KE ; discrepancy [8.,9]. In addition, an upper bound
on the invisible branching fraction of B, decays,

B(B, = Epi) < 5.6 x 107 (90% CL),  (3)

has been reported in Ref. [10], based on a recast of ALEPH
data [11]. Recently, we found that this mode can also put
competitive bounds on particular interpretations of the
Belle II result [12].

In the wake of the intriguing experimental situation,
numerous new physics (NP) explanations of the discrep-
ancy between the Belle II measurement and the SM

Published by the American Physical Society
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prediction have been suggested, with some based on
explicit NP model constructions (see, e.g., Refs. [13-39])
and others parametrizing possible NP effects in the
effective field theory (EFT) framework (see, e.g.,
Refs. [40-45]). In general, there are two distinct possibil-
ities to account for the missing decay rate. One is based on
the assumption that only SM neutrinos contribute to F ;g
in the final state (see, e.g., Refs. [8,9]), while the other one
allows for new undetected particles in addition to the SM
neutrinos (see, e.g., Ref. [12]). In the first case, existing
experimental constraints require the presence of a right-
handed quark current (157/,,(1 + y5)s) contribution [8,9]. In
the second case this requirement can be avoided, essentially
because the amplitudes involving the SM neutrinos and NP
invisible states do not interfere.

Building upon previous work [46], we have recently
explored the landscape of general NP scenarios with
additional light invisible fields coupling to (bI's) currents
(where '€ {1,75.,7,.7,75. 0, }), making use of the EFT
approach [12]. We have systematically considered
both single scalar and vector particle contributions to the
B — KE,; final state, as well as production of pairs of
scalars, spin 1/2 and 3/2 fermions, and vectors. In addition
to the relevant B - K®E, .. and B, — E,; branching
ratios, we have included all available kinematical distribu-
tions presented by the Belle II and BABAR collaborations to
construct likelihoods for various possible invisible final
states. Consequently, we have discerned viable NP scenar-
ios and determined the corresponding invisible particle
masses and EFT parameters preferred by the current data.

With its final dataset, Belle II is expected to measure
B(B — K"E,;) to unprecedented precision below 10~
[47]. This could allow for detailed (differential) kinematical
studies of both decay modes. Since the presence of
new light invisible particles in the final state can signifi-
cantly alter the expected distributions, such studies are
particularly relevant in NP scenarios with new light degrees
of freedom.

Based on our previous results and in anticipation of
upcoming Belle II measurements, in the present work we
explore in more detail possible NP effects in B — K*E
decays. We focus on the differential decay rates and K*
polarization effects in each of the NP scenarios preferred by
the B — KE,,;, measurement. In particular, we highlight
important correlations between both decay modes, as well
as their complementarity due to different kinematics, spin
and hadronic (i.e., form factor) effects.

The remainder of this article is structured as follows: in
Sec. II, we outline the light new fields and their effective
interactions considered in this work. In Sec. III we give the
results of the global fit performed in Ref. [12] to the Belle
I, BABAR and ALEPH data. In Sec. IV, we then explore the
predictions for B — K*E,_;, observables, namely the
differential and total decay rate and longitudinal polariza-
tion fraction, for each favored NP scenario. We explore the

implications for future measurements at Belle II and
conclude in Sec. V.

II. MODEL CONSIDERATIONS

In Ref. [12], we studied the impact of additional invisible
final states on the process Bt — K E,ii. In particular, we
found that the presence of a light scalar (¢), fermion (y), or
vector (V) field can provide a better fit to the Belle II data
than the SM prediction for BT — K™u, rescaled by the
signal strength u = 5.4+ 1.5 [4].

For simplicity, the light new fields are assumed to be SM
gauge singlets, but may transform under a dark gauge or
global symmetry. If charged under some dark U(1), the
scalar and vector fields are complex and the fermion field is
of Dirac type. If neutral, the scalar and vector fields can also
be real (¢ = ¢* and V, = V}) and the fermion field can be
of Majorana type (y = w°¢), with the corresponding par-
ticles and antiparticles being identical.

With these scenarios in mind, we considered in Ref. [12]
the impact of BY — K* )" X with the invisible final states

> Xe{¢p.V.dp. . yy.wip}, (4)

on the BT — KVE, signal at Belle II, as depicted in
Fig. 1. The two-body decays require the scalar and vector
fields to be singlets under any unbroken dark gauge group,
while the three-body decays are compatible with the scalar
and fermion fields transforming in arbitrary representa-
tions. We do not consider here the scenario with two
invisible vector bosons in the final state, as it cannot
improve the fit to the Belle II data with respect to the
rescaled SM (1 x SM).

As they are singlets under the SM, the light new fields
can couple to any gauge-invariant product of SM fields.
The renormalizable portal interactions at dimension-four
and below (d <4) are the most promising avenues to
produce them in laboratory experiments or as viable dark
matter candidates. However, to contribute to the process

u

u u u
B( }Kw B( ]Kw
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v —————"u u u
B{ ’K(*) B{ }K(*)
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T ¥
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FIG. 1. Invisible light new states contributing to the process
BT — KT E, which can provide a better fit to the Belle II (ITA)
data compared to the u x SM. The same states contribute to the
associated process B — K*E ., With upcoming measurements
expected from Belle II.
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BT — KTE,. the light invisible states must couple to the
flavor-changing b — s quark current. We take the EFT
approach and assume that other, heavy degrees of freedom
can be integrated out of the theory, resulting in non-
renormalizable interactions of the light invisible states
and the quarks below the electroweak scale.

In the previous study [12], we considered the lowest
dimension (d < 6) operators in the parity basis, coupling
the light invisible states to P-even (hI's) and -odd (hT'yss)
b — s transition quark currents with the Dirac structure
I'e{l,y,.6,}. This basis choice has the advantage of
simplifying the analytical expressions for the branching
fractions, reviewed in Appendix B of Ref. [12], as the
B — K form factors are most conveniently defined via
hadronic matrix elements of definite parity. However, it is
more natural from the top-down perspective to write
operators in the chiral basis, which couples the light
invisible states to (hT'Pys), where Py denotes the usual
chirality projection operator with X € {L, R}. If the heavy
NP is well above the electroweak scale, operators in the
weak effective theory arise from operators invariant under
the SM gauge group, distinguishing left- and right-handed
quarks. We adopt the chiral basis in the following.

For completeness, we present here the operators which
can improve the fit to the Belle II data [4] compared to the
1 x SM. First, the effective Hamiltonian involving the
vector b — s transition quark current is

d¢ Hep+ d¢¢ ¢*aﬂ¢

Heff (b}/”PXs) [CZVXVH +
VXY

dy
+ A2

(W’wa)] | He. (5)

for X,Y€{L,R}. The B" — K"V decay rate induced by
Czl/",x # 0 naively diverges in the my — 0 limit, which can
be cured if V, is associated with an active gauge symmetry.
However, the available Belle II data favors my # 0, so this
requirement can be relaxed. For a real scalar field, the
coefficient CX(;; vanishes identically. For a Majorana
fermion field, the relation

CVXL _CVXR’ (6)

holds as a consequence of the vanishing vector current.
The relevant effective Hamiltonian involving the scalar
b — s transition quark current is

S.X S.X

c
My D (bPys) —= "¢¢+ d¢"’|¢|2 YHe (7)

V2

After integration by parts and insertion of the quark field
equations of motion, it can be shown that

v
: SX _ V.X
i—=Cy = mpCpy

V2

for X # Y. While we explore the impact of Ci}f in the
following, the results can easily be translated to the
derivative couplings using Eq. (8). The normalization of
the de) » coefficient is taken to be the same for a real or
complex scalar field. A prefactor of 1/2 is typically
included to account for the two possible contractions of
the real scalar field in the amplitude.

Finally, we consider the effective dipolelike operator
involving the tensor b — s transition quark current,

- m, CZ(/;Y’ (8)

v Cgi/)( A v

\/57 (bG,uI/PXS)V + H.C., (9)
with the field strength tensor V,, = 9,V, — 9,V ,,, which is
manifestly invariant under any dark gauge group. The
scalar and tensor quark currents above are multiplied by the
factor v/(v/2A), as they can only be generated by operators
in the SM-invariant EFT with the SU(2), indices of the
quark and Higgs doublets contracted.

7—(eff

III. FIT PROCEDURE

The Belle II collaboration performed a search [4] for
BT — K*uviin a 362 fb~! sample of e* e~ collisions at the
Y (4S) resonance. Two methods were used to search for the
rare decay. The inclusive tagging analysis (ITA), used
inclusive properties of the B meson not decaying via the
signal process, B" — K" E,, whereas the hadronic tag-
ging analysis (HTA) selected only for hadronic decays. The
former method improves the signal efficiency at the price of
a higher background, separated into B¥*B~, BB’ and
continuum components. In the full and signal-rich signal
regions, defined by the parameter n(BDT,), the ITA
observed a significant excess of events above the expected
background in the range of reconstructed momentum
transfer 3 < ¢2./GeV? < 5. The two g2, bins in this range
are the main drivers of the 2.9¢ tension. The HTA saw

a smaller excess over the SM, with a signal strength of

=221 and a significance of 0.66. Taken together,
these results are an intriguing hint of an additional con-
tribution to BT — KTE, ;.. Until now, the Belle, Belle II,
and BABAR experiments have only been able to set upper
limits on the process [7,48-51].

The additional invisible final states, > X, coupled via
Egs. (5)—(9), cannot interfere with the SM and therefore can
only increase the total rate for BT - K1 E,;. The pre-
dicted momentum transfer ¢ distribution of the enhanced
rate can vary significantly between the different NP
scenarios. In the SM, the process BT — KTup is well
understood and induced predominantly at short-distances,
leading to the differential decay rate,
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dr'(B — KVD)SM _ |I_5K|3

qu - 6477.'3 |CZILLL|2f3~’ (10)

with the effective coefficient,

vir _4GrA X, a(Mz)
dv V2 s3 2m

where Gy = 1.1663788(6) x 107> GeV~? is the Fermi
constant [52], s2 = 0.23129(4) is the sine squared of the
weak mixing angle [52], a(M ;) = 1/127.930(8) is the MS
scheme QED fine structure constant evaluated at the Z
boson mass [52], 1, =V, V7, is the appropriate product of
Cabbibo-Kobayashi-Maskawa (CKM) matrix elements,
and X, = 1.469(17) accounts for next-to-leading-order
QCD [53] and two-loop electroweak [54] corrections.
For the relevant CKM matrix elements, we use the value
found by combining the HPQCD lattice QCD calculation
of the B, meson mixing matrix element [55] with the
measured B, oscillation rate [52], |4,| = 41.85(93) x 1073.
We note that this value is larger than the |4, derived
indirectly via CKM unitarity with |V,| from tree-level
inclusive and exclusive B decays [1,3]. The vector B — K
form factor, f,, is computed using the BSZ parametrization
[56] fit results of Ref. [6], with HPQCD [57,58] and
FNAL + MILC [59] lattice QCD results as input at high ¢.
Integrating the differential rate in Eq. (10) over the entire
kinematically allowed g> range gives the SM branching
fraction,

(11)

B(B* — K*ub)gy = (490 £0.17 £ 8) x 1076, (12)

where we have used 75+ = 1.638(4) ps and divided the
uncertainties into hadronic and parametric components,
respectively, with the latter given by o6 = 0.25. For
BT - K'v,1,, there is also the long-distance tree-level
contribution [46] with an intermediate 7 lepton, with a size
~10% of Eq. (12). This contribution is nevertheless
subtracted from the final Belle II result.

The (differential) Bt — K+ > X decay rates induced by
the NP interactions in Egs. (5)-(9) are provided in full in
the Appendix. For conciseness, we express the results in
terms of the parity basis NP coefficients, which can be
readily transformed to the chiral basis. The NP contribu-
tions depend on the scalar and tensor B — K form factors,
fo and fr, respectively. For the two-body decays, the
momentum transfer is fixed to the mass of the light scalar or
vector boson, g> = m%. The three-body decays produce
continuous ¢ distributions distinct from the SM prediction
above the production threshold ¢*> = 4m%. In the limit
y — 0, the g* distribution for the invisible fermion pair
interacting via the chiral vector operator in Eq. (5) tends
toward the SM shape. The ¢* distribution for the invisible
scalar pair interacting via the chiral scalar operator in

m

Eq. (7) is flatter compared to the SM, with a more
pronounced fall off close to the kinematic threshold
q* = (mg — mK)z'

As the NP contributions modify the shape of the ¢
distribution, it is not possible to perform a simple recast of
the best-fit branching fraction in Eq. (1) onto the mass (my)
and coupling (Cy) of the invisible field. The fit to the signal
strength performed in Ref. [4] assumes the ¢ distribution
of SM BT — K*up, and is therefore biased toward NP
models that lead to a universal shift in the rate, such as the
invisible fermion scenario in m,, — 0 limit. Consequently,
a full shape analysis of the Belle II data must be performed
for general model inference.

To perform the shape analysis, we require the number
of expected signal events in each gZ. bin in the SM and
SM + > X scenarios. First, we calculate the differential
event rate in g%, as

dN
N Ny / A f : ()e()
erCC

N
where Ngg = (387 & 6) x 10° is the number of produced
BB pairs, f, (¢*) accounts for the smearing of gz, with
respect to the true momentum transfer g%, and e(g?) is the
detector efficiency. The binned smearing and efficiency
maps were made available for the ITA by the Belle II
collaboration [4,60], which we smoothly interpolate to
approximate the functions in Eq. (13). The expected signal
in each bin, s;, is then found by integrating Eq. (13) over the
range [qrzec,ﬂ qrzec.t#l}‘

For the statistical analysis, we write the total number of
expected events as

ny = u(1+6M)s™M + (1 4+ 05)s¥ +> (14 62)b;,
b
(14)

which adds the contributions of the SM (stM), the light new
states (sf ), and the three background components (b;). The
SM signal and backgrounds are multiplied globally by the
signal strength ¢ and normalization factor 7,, respectively.
Systematic and Monte-Carlo statistical uncertainties are
accounted for by shifting the individual contributions in
each bin i by the nuisance parameter 87 for x = SM, X, b.

For the number of observed events in each bin, n?bs, we
take the results of the ITA in the full signal region,
n(BDT,) > 0.92. With this data, we then construct the
binned likelihood,

Ly = [[P™ )N (02N (h307).  (15)

ix,b

as the product of Poisson probabilities in each bin, a
multivariate Gaussian distribution for each signal and
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background component x, and a univariate Gaussian for the
overall background normalization. The covariance matrix
of the SM signal, %M, is estimated using Monte-Carlo
methods and accounts for uncertainties and correlations
between bins arising from efficiency and form factor
uncertainties. The covariance matrix of each background
component, X”, is found by rescaling =M to reproduce the
simulation statistical uncertainties in Fig. 17 of Ref. [4]. For
the covariance matrix for the NP signal, we take for
simplicity Poissonian uncertainties and neglect correlations
between bins, (X),; = s76;;. Finally, the systematic uncer-
tainty on the overall background, o, is chosen to reproduce
(in the absence of NP) the value of the profile log-
likelihood at u = 0 in Fig. 16 of Ref. [4]. As a check
of our method, we find a best-fit signal strength of
u =534 1.5 for the u x SM hypothesis, in good agree-
ment with Ref. [4].

With the Belle II binned likelihood, we now explore the
SM + > X scenarios involving one invisible final state in
Eq. (4) interacting via one of the chiral basis couplings
in Egs. (5)—(9). In Fig. 2, we show the result of minimizing
the (negative) log-likelihood with respect to the chiral
basis coupling Cy and nuisance parameters € for each mass
my, i.e.,

Bellell D
Loy x(my, Cx,0)

LE0)

ty(my) = —21n . (16)

where we have normalized with respect to the profiled SM
only likelihood with u = 1. As shown in Fig. 2, all NP
scenarios considered here can improve the quality of the fit
relative to the y x SM (blue, dashed) depending on the
value of my. The masses giving the best fit to the Belle II
ITA data for the chiral basis couplings, shown in Table I,
are the same as for the parity basis couplings in Ref. [12].
Among the NP scenarios, the two-body decays with

=

0

3

~

>

i 7 V.XY

@ = Gy

- -——- gy, OV 4o

= =20 o

R — 96, Ciy
¢%, Cuay )

_— /, a0
6, Cot (+ V, ¥ JCRY) === up, u x SM
—30 : ,

myx [GeV]

FIG. 2. Minimized log-likelihood ratio of the 4 x SM and SM
plus > X scenarios with respect to the SM only hypothesis, for
different values of the mass my.

TABLE I. Best-fit masses and couplings for the viable scenar-
ios from the global fit to Belle II, BABAR, and ALEPH data.

Best-fit (A = 10 TeV)

Cx X my/GeV  Belle Monly  +BABAR + LEP
CyX w0601, 49407 48407

717%
Cipy ¢P 05307 (1.14+0.2) x 107!

b (7.5 £ 1.1) x 1072
CyX pd 038192 T2+ 71+ 11
ey 215 (1.8+02) x 1076
cvX v 214 (1440.1)x 1078 (1.44+02) x 1078
Caiy (55+0.5) x 107 (3.5+0.9) x 1073

myy = 2.1 GeV provide the optimal fit to the data
(4.56 with respect to the SM only). It is clear that a g2,
peak at 4.4 GeV?, with a Gaussian spread due to smearing,
is the most efficient at populating the bins containing the
Belle II excess, as illustrated in Fig. 3.

For the other NP scenarios (in order of decreasing
significance), the optimal settings are m, = 0.60 GeV
for the invisible Dirac or Majorana fermion pair (3.60),
my = 0.38 GeV for the invisible complex scalar pair via
the vector coupling (3.4¢) and m; = 0.53 GeV for the real/
complex scalar pair via the scalar coupling (3.40). For the
fermions and scalars produced via Eq. (5), the differential
rates are peaked at g> ~4-8 GeV?, as seen in Figs. 3-5
(below), respectively. While the tails are significant for
g*> > 10 GeV? and could lead to too many events in the
high-¢? bins, they are ultimately suppressed by the detec-
tion efficiency e(g?). For the scalars produced via Eq. (7),

2501 — .o
s00f  ty U‘L"zi/a C;XY
— 0 Cig
- 1501 oo, iy
J:D.& I ! CS,X
| 1001 0 v
% — V.Cy
& 504 et
0_
—50
v, i x SM
0 5 10 15
2 2
quC [GCV }
FIG. 3. The predicted number of SM + Y X signal events for

B — KE, in bins of g2, for the best-fit masses and couplings in

Table I, accounting for the Belle II, BABAR, and LEP data. We
compare to the number of observed events (black dots) at Belle II
with the backgrounds subtracted.
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1.0 ;
B = K Eniss XY, my = 0.60 GeV
. —— B — K*FEhiss SM + Dirac ¥
N J
| 0.8 --=- SM + Majorana v
% —— SM only
O,
061
S
~
S
% 0.4 1
=
—
> 0.27
0.0 T T T !
0 5 10 15 20
¢’ [GeV?]

FIG. 4. SM and SM + yy (Dirac) or yy (Majorana) predic-
tions for the differential decay rate of B —» KW E, . divided by
the total SM decay rate, given the best-fit mass and couplings
from the combined likelihood fit.

1.0
B — K Euges Cias. mg = 0.53 GeV
ﬁ"—' —— B = K"Eiss —— SM + ¢
= 0.81 —— SM only
<]
o,
L, 0.61
=
-~
S
< 0.41
>
§ 0.21
0.0 y . . :
0 5 10 15 20
¢* [GeV?]
1.0 -
B — K Buss Cl%. my =0.38 GeV
CT B — K*Enjss SM + ¢
= 0.81 —— SM only
<]
O,
L, 0.61
=
-~
£
=041
X
=
§ 0.21
0.0 : : —
0 5 10 15 20
¢’ [GeV?]
FIG. 5. SM and SM + ¢¢ predictions for the differential decay

rate of B — KWE, . divided by the total SM decay rate, given
the best-fit masses and couplings (scalar and vector couplings
above and below, respectively) from the combined likelihood fit.

the peak is less prominent and the whole distribution flatter,
as seen in Fig. 5 (above). The e(g®) suppression never-
theless provides a sufficiently peaked distribution in g2,
which is made evident in Fig. 3. The differential rates in
Figs. 4 and 5 will be discussed in more detail in Sec. IV.

For the best-fit masses in Table I, the Belle II ITA data
can also be used to determine the best-fit values of the
couplings to the invisible sector in Egs. (5)-(9). However,
for a single nonzero coupling in the chiral basis, Cy # 0,
the decay rate for BT — KTE,; is guaranteed to be
correlated with other b — sE, ;. observables. For example,
the hadronic matrix elements of the B — K and B — K*
transitions are simultaneously nonzero for the (bI'Pys)
quark current with T'e {1, Yo a,w}. Thus, cancellations
should occur between different coefficients in the chiral
basis to suppress one of the two processes; e.g., the scenario
CX,}&L = CZ(}&R (equivalent to gg # 0 and gp = 0 in the parity
basis) giving B(B — K*¢) = 0 for sizable B — K¢ rates.
With only one nonzero chiral basis coupling considered at a
time, we cannot explore these directions in the parameter
space. For the best-fit values of the couplings we therefore
account for the upper bounds on the B — K*E,;, and
B, — E,; processes. It will transpire that only the best-fit
value of the dipole coupling Cg‘f( is significantly affected
by the additional B — K*E,;, constraint.

We first consider the constraints from B — K*FE ;.
The experimental information that can be extracted for the
B — K*(— Kr) Y X process is fully described by the
double differential decay rate

da’r 1dr

(14 (BF -1)DE,). (17
dg?d cos O quz( + (3F, = 1)Dgq),  (17)

where we have integrated over the angular variables
of the invisible state(s). Per convention, we define 0 as
the angle between the K* direction in the B rest frame
and the K direction in the K* rest frame. The cos&y
dependence is then contained in the Wigner D-function,
D}, =% (3cos? Ox — 1). The differential rate dI'/dg? can
be separated into contributions from transversely (7') and
longitudinally (L) polarized intermediate on-shell K*. In
principle, only two out of three K* polarization states can
be disentangled from the K7z final state, with these two
conventionally chosen [61]. In other words, we have

_dr, Jdr

= —, 18
qu a’q2 (18)

dl  dr'y dIy
i ag g T

dg* dq*

where F; is the longitudinal polarization fraction of the
process. In experiments, the quantities in Eq. (18) are
measured in bins of ¢>. For example, F; can be evaluated
for the bin [g7. ¢3], with Ag* = g7 — g7, as
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9 dar H dr
_ J 2_L J 27"
Fiag = </q 4 dqz)/ </q 4 dq2>’ (19)

We can also define (F), the longitudinal polarization
fraction for the entire kinematically allowed ¢” range, as
Eq. (19) with ¢; = 0 and g7 = (mp — mg- ).

In the SM, B — K*vv has the rate

dr'(B — K*DD)SM _ |ﬁK 612

o =B P( + £). 20

where the form factor dependence has been separated into
transverse and longitudinal parts, respectively, as

2|pg-? (mg + mg-)?
3= Y] 2 72A%» (21)
(mp + mg-) 2mp
16m>.
fi= qu AL, (22)

with the vector (V) and axial-vector (A, Aj,) B — K* form
factors. With the input parameters below Eq. (11) and the
form factors determined via the BSZ fit results of [6], the
SM branching fraction for the neutral mode is found to be

B(B® — K*%ui)gy = (8.95+£0.89 +5) x 1076,  (23)

using 7z = 1.519(4) ps. The hadronic and parametric
uncertainties are separated as before, with 6 = 0.45. The
SM expression for the longitudinal polarization fraction,
FM, can be obtained from Eq. (20). Without integrating the
numerator and denominator over g2, the common pre-
fractor of the f% and f? terms cancels, resulting in the
expression F3M = f2 /(f2 + f2). For the limiting ¢*
values, FM(0) =1 and FM(g2,,) = 0.308 £ 0.045.
Keeping the full ¢*> dependence of the numerator and
denominator in Eq. (18) before integrating over the full
kinematically allowed ¢” region, we obtain

(Fp)sy = 0.466 & 0.024. (24)

Only the form factor uncertainties contribute in Eq. (24), as
the parametric uncertainties cancel.

The NP interactions in Egs. (5)-(9) also induce the
process B — K* > X, with the (differential) decay rates for
transversely and longitudinally polarized K* given in the
Appendix. The NP contributions depend on the additional
axial-vector (A) and tensor (T, T,, and T»3) B - K* form
factors. With these predictions, we can now implement
the constraints from experimental upper bounds on the
B — K*uvp branching fraction.

The most stringent current upper bound, quoted in
Eq. (2), is from the Belle experiment [7]. Unfortunately,
this analysis did not provide binned distributions in ¢,

1.0 :
N CpY L my = 0.60 GeV
AN
\ \:\ —— SM + Dirac ¢
0.8 \ \\ ---- SM + Majorana 1
\\ —— SM only
— 0.6
= 3
q \\\ \‘\
= 0.4+ \‘\:: ~~~~~~~
0.21
0.0 ;
0 S 10 15
¢’ [GeV?]

FIG. 6. SM and SM + yw (Dirac) or yy (Majorana) predic-
tions for the K* longitudinal polarization fraction F;, given the
best-fit mass and couplings as in Table I.

preventing a shape analysis for the SM + >~ X scenarios.
We therefore consider the results of the complementary
BABAR analysis [49] which, despite setting weaker upper
limits on the B* and B® decay branching fractions,
provided sz = g* distributions. To identify the decays
Kt - K*2°/KOz+t and K*° — K* 7~ /K%x°, the analysis
used the hadronic tagging method. However, for the
reasons outlined in Appendix D of Ref. [12], we consider
only the B® decay mode with K*° decaying dominantly to
Kz, neglecting smearing effects. The backgrounds and
their ¢>-dependence are extracted from Fig. 5, while the
efficiencies €(q?) are taken from Fig. 6. We compute the
uncertainties and correlations between bins similarly to the
Belle II analysis in order to reproduce the SM upper limit in
Table IV. Now, we can calculate the expected number of
events in the SM + > X scenario as input to a binned
likelihood, analogous to Eq. (15).

Finally, we implement the constraints on the invisible
decay By — E, For the three-body BT — Kt X
decays induced via Egs. (5)—(9), the process B, = > X
is also possible. In the SM, the decay B; — v is helicity
suppressed and therefore vanishes for strictly massless
neutrinos. For the light neutrino masses inferred from
oscillation data, it is still extremely suppressed, and in
fact the B, — viwb process is larger [62], albeit still well
below experimental sensitivities. The decay mode is there-
fore an interesting probe of new physics. The B, — > X
decay rates for the NP scenarios >_ X € {¢¢, b, yyr, yiir}
are given in the Appendix and are nonvanishing for nonzero
chiral basis couplings Ci;;;, CZI/(},);, and CZ&IXY . In Ref. [10],
the ALEPH inclusive search for b — t~0,.X at LEP [11]
was recast to obtain the upper limit B(B; = E i) < 5.6 X
107* (90% CL). We construct a simple Gaussian log-
likelihood to also enforce this constraint on the chiral basis
couplings.
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We now explore the best-fit couplings implied by the
data for the NP scenarios. In each case, the mass is fixed to
the central value in Table I and the scale of NP is set to
A =10 TeV, and we construct a global likelihood incor-
porating the Belle II, BABAR and ALEPH data. In the
rightmost column of Table I, we show the best-fit coupling
values for the Belle II data only (left) and with the BABAR
and ALEPH data added (right), found at the global
minimum of the likelihood. In the cases where the addition
of the BABAR and ALEPH data does not change the best-fit
value at this level of accuracy, we show a common value. It
can be seen that, for most of the scenarios, the inclusion of
the BABAR and ALEPH data only leads to a marginal

decrease in the best-fit value. However, for the dipolelike

coupling Cg‘f( , a large reduction is seen, because the best-fit

coupling value for the Belle II excess is in tension with the
BABAR data.

For the best-fit masses and couplings (including the
Belle II, BABAR, and LEP data in the fit), the predicted
B — KE,.; signal rates (including the SM + > X con-
tributions) in bins of ¢Z. at Belle II are shown in Fig. 3 for
each NP scenario. These are compared to the number of
observed events (black dots) at Belle II with the back-
grounds subtracted. We have already noted that the best-fit
masses are strongly influenced by the excess of events at
3 < ¢2./GeV? < 5. The best-fit couplings are in turn
determined by the size of the excess. If only the Belle II
data is included in the fit, the signal predictions in the two-
body scenarios would be identical. However, with the
inclusion of the BABAR data, the signal prediction for

the dipolelike coupling CgVX is smaller with respect to the
other two-body scenarios.

IV. NEW PHYSICS PREDICTIONS FOR
B — K*E,;,, OBSERVABLES

In this section, we now examine the implications for
B - K*E; observables given the best-fit masses and
couplings in Table I. Of the b — s transition processes,
B — K*E; will be measured to a high level of accuracy
the soonest by the Belle II experiment [47], and therefore
will be able to test (i.e., exclude or confirm) the NP
scenarios implied by the B' — KTE,; excess. The
prospects for improved bounds on B; — E ; are longer
term, with measurements by Belle II at the Y(5S) reso-
nance [47] and opportunities during the Tera-Z run of FCC-
ee [63] and/or CEPC [64,65]. It is expected that the first
bounds on A, — AE,; Will also be obtained only at these
future Z-factories. With this longer timeline in mind, we do
not examine further the expected signals of B, — E ;. and
Ay, = AE ;i in this work.

First, in Figs. 4 and 5, we plot the differential rates for the
three-body decay contributions to B — KE; (light
shaded) and B — K*E,;,, (dark shaded) for the best-fit
masses and couplings in Table I (with the values from the

Belle II + BABAR + LEP fit). In each plot, we show the SM
only and SM + > X predictions, normalized to the total
SM rate I'gy;. The bands indicate the £1¢ uncertainties
from the coupling and form factor uncertainties (the former
dominating for the SM + " X rates). It is clear that to
adequately explain the Belle II data, the SM+ > X
predictions for B — KT E,;,, must be considerably above
the SM only rates. Given the correlation with B — K*E g,
these rates also see a significant increase with respect to the
SM. This is particularly the case for B —» K*yw /yip and
B — K*¢¢ induced via the coupling CX;;. While the
distributions peak at high g2, which could see significant
reductions due to the detection efficiency, a large rate is still
seen above the production threshold g> = 4m%. A small but
non-negligible difference is seen between the Dirac (solid)
and Majorana (dashed) fermion predictions for
B = K*E,;. For B — K*¢¢/p¢p induced via the cou-
pling Cfl;/ff/), the B — K*E; is relatively smaller compared
to the other three-body decay scenarios.

Next, in Figs. 6 and 7, we show the predicted values of
the longitudinal polarization fraction F; (¢*) for the best-fit
couplings and masses of the three-body decay scenarios. In
Fig. 6, F; values for Dirac (solid, green) and Majorana
(dashed, green) fermions in the final state are compared to
the SM expectation (blue). Above the kinematic threshold,
F; deviates (more prominently in the Majorana case) from
the SM prediction, before tending back toward the limiting
SM value at the kinematic endpoint. To understand this
behavior, Egs. (A15) and (A16) can be used to find that F,
is schematically of the form

J1+/% > FSM

F,=——>—-—-= > R
RN R

(25)

1.0
0.8
e 06‘
=
~
= 0.4
. S, X p
— SM + ¢, Cdmﬁ, my = 0.53 GeV
0.21 SM + &, Cj, mg = 0.38 GeV
—— SM only
0.0 . . .
0 5 10 15

¢’ [GeV?]

FIG. 7. SM and SM + ¢¢ predictions for the K* longitudinal
polarization fraction F;, given the best-fit mass and couplings as
in Table I. The predictions for the SM only and CZ;; #0
scenarios overlap.
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where f% o A2 vanishes at the boundaries of the kinemat-
ically allowed region for B — K*yw/yy. In Fig. 7, we
instead plot the F; values for the scalar three-body decay
scenarios. For the B — K*¢¢/p¢ process induced by the
coupling Cz;;f/), the transverse rate in Eq. (A11) vanishes

and the longitudinal rate in Eq. (A12) is proportional to A3.
The resulting F is then of the same form as Eq. (25), with
f% leading to an even larger increase of F; with respect to
the SM. Finally, for the B — K*¢¢ decay induced by the
coupling CZ;;, f% =0, and F is identical to the SM. We
would like to emphasize, however, that cancellations such
as in Eq. (25) cannot be made for the integrated longi-
tudinal polarization fraction, (F,). With the complete ¢>
dependence of the numerator and denominator integrated
over, the value of (F;) can be different to what is naively
expected from Figs. 6 and 7. We will return to this in the
discussion of Fig. 9.

In Fig. 8, we study the longitudinal polarization for the
two-body decay scenarios. With ¢ fixed to the mass of the
scalar or vector boson for the decay B — K*¢p/V, we

consider (F ) > obtained by integrating the numerator and

denominator of F; over a bin [¢7, ¢7] centred on ¢* = my.

In Fig. 8, we show (F),, as a function of the bin width
Ag?, which is increased from Ag? = 0 to the full kine-
matically allowed region. The vertical gray dashed line
indicates where the lower edge of the bin reaches g7 = 0,
changing from a symmetric to asymmetric bin with respect
to g> = m%. In the limit Ag> — 0, the SM contributions in
the numerator and denominator are infinitesimally small
with respect to the two-body decay contributions, which

1.0
0.8
N S
= =21 GeV
= myy = 2.1 Ge
5 041 — lopil
— O
0.2 — Cu"
— SMoy
0.0 '
0 5 10 1

Ag* [GeV?]

FIG. 8. SM + ¢/V predictions for the binned K* longitudinal
polarization fraction (F1 ), as a function of the bin size for a bin

around ¢*> = mf/) v = (2.1 GeV)?, given the best-fit mass and
couplings as in Table I. The gray dashed line indicates the bin size
(Ag* = 2m ) at which the bin reaches ¢> = 0 GeV?, changing
from a symmetrical to an asymmetrical bin with respect to
g = my-

have o function support. Using Eqgs. (A3) and (A2), the
value at Ag*> = 0 for B — K*¢ is therefore (Fp),, = 1.

With Egs. (A7) and (A6), the values at Ag> =0 for
the B — K*V scenario are (F;)x, = f1/(f7+f1) =
0.625 +£0.032 and (FL)qu = 0.052 £ 0.005 (with the

form factors evaluated at ¢> = m}) for Cy;* and C%;X,
respectively. We note that the coefficients cancel in the
ratio, so only the form factor uncertainties contribute. As
Agq? increases, the SM contribution in both the numerator
and denominator grows, pulling the values of (Fp),,
toward the SM value in Eq. (24). For each NP scenario, we
show the results for the best-fit couplings taken from the
Belle II only (solid) and Belle I + BABAR + LEP
fits (dashed). The difference in these results clearly only
has an impact for C%{ From Fig. 8, it is clear that for the
B — K*¢ and B — K*V (induced via CL;¥) scenarios,
measuring (F ), in narrow bins around ¢* = my pro-
vides more of a smoking-gun deviation from the SM. The
opposite is true for B — K*V induced via Cl‘j"/x , where the
whole kinematic range provides more discrimination.

In Fig. 9, we summarize the results discussed so far. For
each SM + > X scenario with the best-fit masses and
couplings in Table I (Belle Il + BABAR + LEP), we depict
as circular points the predicted values of the BT — KT E
and B — K*°E, branching fractions and the integrated
longitudinal polarization fraction (F; ). The 4 1o error bars
incorporate the uncertainties in the best-fit couplings and
form factors. To illustrate how these deviate from the
SM, we show as blue vertical lines the predicted SM values
in Egs. (12), (23), and (24), respectively. In the left-
most plot, the dashed vertical lines show the range of
branching fractions implied by the Belle II ITA result,
B(BT - K'En) = (274+0.7) x 1075, Our puxSM
central value and uncertainties are in agreement with this
band, as expected. However, large deviations for the NP
scenarios can be seen, highlighting the importance of the g*
distribution shape analysis in the inference of the mass and
coupling of the light invisible field; in other words, a naive
implementation of the measured Belle II branching fraction
would have led to incorrect conclusions. To demonstrate
this point even further, we plot as triangular points the
values with efficiency and smearing effects included [i.e.,
integrating the differential rate with £, (¢*) and €(q?)
factors] and rescaling by the ratio of the 4 x SM branching
fraction with and without the efficiency and smearing
included. The SM + > X predictions are still different
from the y x SM scenario and from each other.

Turning to the B — K*E,;, observables, the largest
branching fractions B(B° — K*'E, ;) are seen for the
S Xe{V,yy, i, pd} final states, with V and ¢
coupled via C7;¥ and CZI/(Z;, respectively. The (F;) values
for these three-body scenarios, however, all lie close to the
SM prediction and within the +0.11 precision expected by
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26+0.8 —— 47£15 -+ 04740.02| v, p x SM
[ S 34+08 LT VXY
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[ 34409 o AVIXY
e a— (A — —15] —— 5.6+1.5 - 0.49£0.02 | Py, Cy
— JrELL —— 27406 —— ob, Coy
[Ax* =-34) 0.82+0.04 °
33+0.9 N o AVX
By 33 6.4+18 0.44£0.02| ¢, Cyi
- 14402 o asx
—_— (A = —111] - 16+02 —— 0704004 | ¢, Cpy
- 1402 | - V.X
e (A = —109] -o- 21+04 —o- 0.56£0.03 | V, Cyf
- 0.9+0.2 7.X
—— Ay = 4.1] T - 0.09£0.03| V, Cyyf
0 2 4 6 0 5 10 150.0 0.2 0.4 0.6 0.8 1.0
10° x B(B* = K+ Eyiss) 10° x B(B" = K*Eyiss) Fr

FIG. 9. SM and SM + _ X predictions for the B — KT E,; (left) and B® — K*E,; (centre) branching fractions and B® —
K*°E,.s longitudinal polarization fraction (right). Belle II constraints [4] are indicated by the dashed gray lines (left), the BABAR [49]
and Belle [7] upper limits are indicated by the dot-dashed and dotted lines respectively (center) and the expected sensitivity [47] of
Belle II for the longitudinal polarization fraction is indicated by the light gray shaded region (right).

Belle II [47], indicated as a vertical shaded band.
For the other NP scenarios, the branching fraction
B(B® - K*OE, i) is smaller, while larger deviations from
the SM value of (F ) are seen. The B — K*V scenario with
C 5‘5( # 0 therefore implies large deviations from the SM for
both B(B® — K*°E,;s) and (F, ). However, as the BABAR
data is in slight tension with the Belle II excess for this
model, the goodness of fit is not competitive with the other
NP scenarios (even the y x SM). In the plot, we show the
Ay?, or difference between the minima of the u x SM and
SM + > X global likelihoods, to indicate the quality of the

fit. The two-body decay scenario with a final-state scalar
provides the best overall fit.

Finally, it is interesting to explore the correlations
between the B — KE,;, and B — K*E;,, observables.
In Fig. 10 (left), we plot the relationships between the
B* — KVE,; and B® - K*°E ;. branching fractions and
BY — K*OE_ . integrated longitudinal polarization fraction
in the SM + > X scenarios, omitting form factor uncer-
tainties. In Fig. 10 (right), we complement this by showing
the 1o, 20, and 30 confidence regions in the same three
parameter spaces, comparing to the SM predictions (blue

1.0 1.0
— v, p x SM
— i, Y
—~ —~ — 00, O
Ll? Lrj 0.5 W T s VX
~ -~ 2 0P, de
— 6.0y
— v,
\ — v,
0.0
S =
8 “ 10
T T Y
) E) A
«Q 0 51 ’{l |
X X '\}J
"02 1:_12 \ ./
0 0 *
0 2 4 6 0.0 0.5 1.0 0 2 4 6 0.0 0.5 1.0
10° x B(B* = K* Fp) (Fr) 10° x B(B* = K* Fp) (Fr)

FIG. 10. Left: correlations between the BY — K*E, i, and B® - K*°E, ;. branching fractions and B’ — K*°E, . longitudinal
polarization fraction in the SM + > X scenarios, with form factor uncertainties omitted, shown with respect to the SM predictions
(stars). Right: 1o, 20, and 3¢ confidence regions for the SM + > X scenarios given the best-fit masses and couplings in Table I (Belle IT
+ BABAR + LEP). The BABAR, Belle, and Belle II constraints/sensitivities match Fig. 9.
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stars). To obtain these regions, as in Fig. 9, we keep the
masses fixed to the central values in Table I and incorporate
the uncertainties of the best-fit couplings (Belle Il + BABAR
+ LEP) and form factors. As expected, the branching
B - KE,;, and B - K*E;,, are positively correlated
in all cases, with gradients ranging from the ¢¢ scenario

with Cfl;zfp [large B(B — K¢¢) and small B(B — K*¢¢h)]

and the V scenario with Cgi,x (vice versa). On the other
hand, (F;) behaves very differently, exhibiting almost no

correlation with the two decay rates for yy scenarios as

well for the ¢p¢h scenario with CZ(;,));, a negative correlation

for the Cg"/x scenario, and positive correlations for the other
three considered cases.

V. CONCLUSIONS

In this work, we have revisited the implications of a
potential excess in the rare decay B — KE ., as indicated
by the recent Belle II measurement, within a general new
physics (NP) framework allowing for light invisible final
states. Building upon the EFT setup of Ref. [66], we have
considered the possible scalar, fermion, and vector final
state scenarios that can enhance the total rate and, crucially,
modify the differential distributions for both B — KE ;.
and B — K'E ;.

Our global fits to the Belle II data, supplemented by
constraints from BABAR and LEP, reveal several viable NP
scenarios that can yield a better agreement with the
measured B — KE,;, distribution than the (rescaled)
SM. These include two-body final states with a new scalar
or vector particle, as well as three-body final states with
pairs of (pseudo)scalar or (Majorana/Dirac) fermions.

We reiterate the conclusions of Ref. [12] that the
measured decay spectrum is a key discriminator between
different NP interpretations, highlighting that a simple
rescaling of the Standard Model (SM) rate (4 x SM) is
insufficient once the reconstructed distributions in momen-
tum transfer are properly taken into account.

In each case, existing experimental constraints on
B - K*E; and B, — E; can already restrict portions
of parameter space, although apart from dipolelike cou-
plings to a spin-1 state, their impact on the best-fit points is
limited at present.

We demonstrate however, that future measurements of
B - K*E_; observables will offer much stronger dis-
crimination among the candidate scenarios. In particular,
the total branching fraction and the differential distribution
of the longitudinal polarization fraction F; can exhibit
sizable deviations from the SM predictions in the relevant
regions of NP parameter space.

From a broader perspective, our study highlights, that
rare b-hadron decays with missing energy remain an
excellent probe of physics beyond the SM. New states
lighter than a few GeV can produce distinct kinematic
imprints that will become experimentally accessible with

dedicated searches and improved tagging techniques at
Belle II and currently planned future experimental facilities
such as the FCC-ee and CEPC. The continued effort to
measure (differential) branching fractions and angular
observables in B — K E, ., as well as to constrain other
related processes such as By, — ¢E ;i and A, = AE i,
will provide important complementary tests of possible NP
explanations. We therefore look forward to the upcoming
Belle II data, which should definitively confirm or refute
the observed excess and, in the process, potentially unveil
new degrees of freedom at the GeV scale.

ACKNOWLEDGMENTS

P.D.B., S.F, and J. F. K. acknowledge financial support
from the Slovenian Research Agency (research core fund-
ing No. P1-0035, No. J1-3013, and No. N1-0321). M. N.-
B. acknowledges the financial support by the Spanish
Government (Agencia Estatal de Investigacion MCIN/
AEI/10.13039/501100011033) and the European Union
NextGenerationEU/PRTR through the “Juan de la Cierva”
program (Grant No. JDC2022-048787-1) and through
Grants No. PID2020-114473GB-100 and No. PID2023-
146220NB-100.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

APPENDIX: DECAY RATES

First, we review the decay rates for the two-body
processes B — K*) 3" X, with "X € {¢, V}. While we
work in the chiral basis in the main text, we give the
following expressions in terms of the parity basis coef-
ficients, with appropriate conversions provided.

The two-body decay rates to a real scalar boson ¢ are

|7 m35}
[(B— K¢) =g —LK 2 (A1)
8” (mb - ms)
(B — K*¢) =0, (A2)
8- kog) =Pl p Pl a3
on (my, + my)?

with &) = (1 —m7,/mp), and the form factors f, and
Ay evaluated at ¢* = my. The couplings gs and gp are given
in terms of the chiral basis couplings as
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st ;7 ChL 1 1 1 1/ m,—m m, —m
<9S>:P v (d¢>:—P’i( dgp >; p _( > P _< b s b s)‘ (A4)
gp V2A iy A\ ChR 2\-1 1 2\ —my —m, my,+m,

The two-body decay rates to a real vector boson V are

(s - kv) - 2x] {W P52 1 ajnyp ™Y %ﬁ‘*“m[flvh?]ﬂlﬂh}, (A5)
A% (mp + my) (mp + mg)A
Ir(B — KV) = 25 |[2| PPl ey gy |p’<| sy P yp
2z " (mp + my- )? Y (g + mg A
mpg +m m%52. mp + mg- )k
+|hA|27( BZm x) A2+ 2|hz|? B K 2—29¢[hAh;]—( B AK) K Asz}, (A6)
B
(B = K'V) = 8|pK| Iy |2mK*A2 + s zm—%“ﬂ —2%[h hf]m—%(*A T (A7)
L mv 12 T ( B+mK*)2 23 B Alty (mB+mK*)A 12423 >

with the form factors f., fr, V, A, Ajs, T, T, and T3 evaluated at g> = m3,. The couplings hy, hy, hy, and hy are
converted to the chiral basis couplings as

() =r(&) Go)=rm(E) 9
ha cat/ \ht/ o V2ANCE)

respectively. The outgoing three-momentum of K*) in Eqs. (A1)-(A7) is given by

(3, )
= , (A9)
2mB

|D g

with ¢> = m% and A(x,y,z) = (x —y — 2)*> — 4yz is the Killén function
Next we review the decay rates of the three-body processes B — K(* Z X, for Y X € {¢p¢, pp,wy, wip}. For the decays
to a complex scalar ¢, the differential rates are

dlU'(B — K¢p) Py [Pkl [3 mpdy IP >
i o ne (21955 G 8 law P A (A10)
dl'r(B — K*(lﬁf}) Py |PK |q |Pi-|* (mg + mg)?
2 RSN S 0 222 R A%, All
dqz 9671’3 ﬁq‘) | | (mB + mK*)2 + ‘gAvl Zm% 1 ( )
dU,(B = K*¢pp) Py |Px] |Px|? my.
- dCI2 B 967> AK2 3] S|2( b —llfm )ZA% + 16|gAV|2 AI; ﬂéA%Z ’ (A12)

with By = \/1 —4m%/q* and the three-momentum of K*) is given by Eq. (A9). For a real scalar field, i.e. ¢ = ¢, the
contributions from gy and g,y vanish, and the remaining contributions from ggg and ggp are a factor of 2 larger at the
amplitude level; hence, gg¢ — 2g¢s and gpg — 2gpg must be made in Eq. (A10). The rates should also be multiplied by
factor of 1/2 to account for identical outgoing states. The parity-basis coefficients can be converted to those in the chiral

basis as
S.L V.L
9ss\ _ p v ( Caio g\ _ p G\ Al
g o \/E A\ CSR ’ - CcVR ( )
PS dpg gav dog

For the decays to a pair of Dirac fermions yy, the relevant differential rates are
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dr'(B — Kyy) B \PK\CI |l31<|2 3 m mB('S2
g 24.”2 (Ifvvl*By + 1 fval? e 13 +3 [fyval? =K 121, (A14)
dFT(B e K*l/"/_/) lBl/I |pK ‘q 2 292 2|]_7'K*|2 2
—V
dq? =24 (IfvvlBy + | fval?By) (mp + mg)?

(mg + mg)?

+ ([fav?By + 1 faal?By) . Al (A15)
B
dU.(B — K'yy) _ By |Prlq’ 16m>2. 215k 2
2 dg? ):z4i3| f\4| (v s +17aaPP) = 5 A+ 6lf PRI AR (ae)

where 7 = (3 - f;)/2 = (1 +2mj,/4*). We do not con-
sider scalar and tensor couplings in this work; the full
expressions including these are given in Appendix B of
Ref. [12]. The parity basis coefficients in Eqs. (A14)—(A16)
are given by those in the chiral basis as

foy o111\ (St
fva | 1-1 1 -11 CV'LR (A17)
fav 41 -1 -1 1 1 CV RL
faa 1 -1 -1 1 CV-RR

For a pair of invisible Majorana fermions (y = y°) in the
final state, the vector current vanishes identically,
wyw =0, so the replacements fyy 4y — 0 should be
made in Egs. (A14)-(A16). An additional contraction is
possible at the level of the amplitude for the opera-
tors involving the axial vector current yy,ysy, resulting
in fyaaa = 2fvaaa for the remaining coefficients.
For the coefficients in the chiral basis, this is equivalent
to CV XL — CV XR for X € {L,R}. Additionally, a factor

of 1/ 2 is requlred to account for identical outgoing states.

Finally, we give expressions for the decay rates of

B, = > X with Y. X € {¢¢, pb, wy,pir}. For a pair of
outgoing scalars,

ﬁqﬁ fB m%x
(B, = ) = 2 20 g
1 2
+ylonP | (A1)

where fiy = /1 —4m3/mp . If ¢ is real, the same mod-

ifications as under Eq. (A12) should be made.
For a pair of outgoing Dirac fermions,

By fB
2r A4

(B, = yy) = |fAA|27- (A19)

Likewise, for Majorana fermions, the replacements under
Eq. (A16) should be made. For the same values of f,,4 and
m,,, the decay rate to Majorana fermions is a factor of 2
larger than to Dirac fermions.
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