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P. Kodyš , T. Koga , S. Kohani , K. Kojima , A. Korobov , S. Korpar , E. Kovalenko , R. Kowalewski ,
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We report the first search for the flavor-changing neutral-current decays B → Xsνν̄, where Xs

is a hadronic system with strangeness equal to 1, in data collected with the Belle II detector at
the SuperKEKB asymmetric-energy e+e− collider. The data sample corresponds to an integrated
luminosity of 365 fb−1 collected at the Υ (4S) resonance and 43 fb−1 collected at a center-of-mass
energy 60MeV below resonance for estimation of e+e− → qq̄ continuum background. One of the
B mesons from the Υ (4S) → BB decay is fully reconstructed in a hadronic decay mode. The
B → Xsνν̄ decay is reconstructed with a sum-of-exclusives approach that uses 30 Xs decay modes.
This approach provides high sensitivity to the inclusive decay, despite the presence of two undetected
neutrinos. The search is performed in three regions of the Xs mass, M true

Xs
, chosen to separate

contributions from K, K∗(892), and heavier strange final states. We do not observe a significant
signal and set upper limits at 90% confidence level on the partial branching fractions for the regions
0.0 < M true

Xs
< 0.6GeV/c2, 0.6 < M true

Xs
< 1.0GeV/c2, and 1.0GeV/c2 < M true

Xs
of 2.2 × 10−5,

9.3 × 10−5, and 30.9 × 10−5, respectively. Combining the three mass regions, we obtain the upper
limit on the branching fraction, B(B → Xsνν̄) < 3.3× 10−4.

Flavor changing neutral current b → sνν̄ decays are
suppressed in the Standard Model (SM) due to the GIM
mechanism [1], and occur only via loop diagrams (Fig. 1).
The absence of charged leptons in the final state allows
precise theoretical predictions, in contrast to b → sℓ+ℓ−

decays, which have contributions from photon exchange
between charged particles and a charm loop [2]. The de-
cay rates can be enhanced by physics beyond the SM; for
example, virtual contributions from heavy particles such
as leptoquarks [3] or a Z

′
boson [4]. The experimental

signature is also sensitive to new invisible particles, such
as invisible light scalars [5] or fermionic dark matter [6].

(a) Penguin diagram (b) Box diagram

FIG. 1: The leading order SM diagrams for quark-level b →
sνν̄ decays.

The Belle II collaboration found evidence for the ex-
clusive decay B+ → K+νν̄, measuring a branching frac-
tion B(B+ → K+νν̄) = (2.3 ± 0.7) × 10−5 [7], which
is 2.7 standard deviations above the SM prediction,
(5.04± 0.40)× 10−6 [8, 9]. Inclusive B → Xsνν̄ decays,
where Xs denotes a hadronic system with strangeness
equal to 1, have not been studied. The branching fraction
B(B → Xsνν̄) is predicted to be (2.9± 0.3)×10−5 in the
SM [10], excluding the long-distance contribution from

B+ → τ+(→ X+
s ν̄)ν decay. The inclusive B → Xsνν̄

and exclusive B → Kνν̄ branching fractions have differ-
ent dependence on the parameters of physics beyond the
SM and can be related with a sum rule [6, 11], which
provides strong motivation for the inclusive search. The
ALEPH collaboration searched for b-hadrons decaying
with large missing energy at the Z-pole and set an up-
per limit on B(b→ sνν̄) of 6.4× 10−4 at 90% confidence
level (C.L.) [12]. However, unlike for B mesons, there is
no established theoretical framework that provides reli-
able predictions for inclusive b-hadron decays.

In this Letter, we report the first search for B → Xsνν̄,
where B and Xs denote both charged and neutral states.
The data sample consists of 365.4 ± 1.7 fb−1 and con-
tains (387.1 ± 5.6) × 106 Υ (4S) → BB decays col-
lected by the Belle II [13] detector at the SuperKEKB
asymmetric-energy e+e− collider [14]. An additional
sample of 42.7 ± 0.2 fb−1 collected at an energy 60MeV
below the Υ (4S) peak (off-resonance data) is used for as-
sessing the background from the continuum e+e− → qq̄
process, where q is a u, d, s, or c quark.

The Belle II detector consists of a two-layer sil-
icon pixel detector (PXD), a four-layer silicon ver-
tex detector, a central drift chamber (CDC), a
time of propagation (TOP) counter, an aerogel ring-
imaging Cherenkov detector (ARICH), an electromag-
netic calorimeter (ECL), a superconducting solenoid, and
a K0

L and muon detector (KLM). The symmetry axis of
these detectors, defined as the z-axis, is approximately
in the direction of the electron beam [13].

The Belle II software framework (basf2) [15, 16] is
used for event reconstruction. Monte Carlo simulated
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samples are used to optimize the analysis. B-meson pro-
duction and decay are simulated using the EvtGen [17]
program; qq̄ background samples are generated with the
Pythia8 [18] and KKMC [19] software; photon radia-
tion from charged particles is simulated using the PHO-
TOS [20] package; and the Geant4 program is used to
simulate the detector response to the passage of parti-
cles [21].

We produce signal simulation samples consisting of in-
dividually generated contributions: exclusive B → Kνν̄
and B → K∗νν̄ decays, where K∗ denotes the K∗(892)
resonance, and non-resonant B → Xsνν̄ decays. The
B → Kνν̄ and B → K∗νν̄ decays are generated us-
ing form factors calculated in lattice QCD computa-
tions [8, 22] or light-cone sum rules [23]. The non-
resonant B → Xsνν̄ sample is generated with the re-
quirement that the mass M true

Xs
of the Xs system be

greater than 1.1 GeV/c2. This requirement is motivated
by the study of the B → Xsγ decay [24], as well as
B0 → K+π−µ+µ− and B+ → K+π+π−µ+µ− decays,
which do not show clear components below this mass
threshold except K∗ resonance [25, 26]. The exclusive
K∗νν̄ samples are generated without restrictions on the
mass M true

Xs
. To simulate the M true

Xs
distribution, we use

the Fermi motion model [27–29], assuming the momen-
tum of the b-quark follows a Gaussian distribution. The
fragmentation of the final-state hadrons is simulated us-
ing Pythia8. The invariant mass squared of the neu-
trino pair, q2, is simulated according to the SM [30]. The
long-distance B+ → τ+(→ X+

s ν̄)ν decays are treated as
background and included in the background sample.

One B meson, denoted Btag, is fully reconstructed
in a hadronic decay mode by the full event interpre-
tation (FEI) algorithm [31]. The FEI assigns a prob-
ability to each Btag candidate based on a multivari-
ate classifier, indicating how likely the candidate is
to be properly reconstructed in a given mode. Can-
didates with a probability greater than 0.001 are se-
lected. We require Btag candidates to satisfy selec-
tions on the beam-energy-constrained mass, Mbc ≡√

(
√
s/2)

2 − |p∗Bc|
2
/c2 > 5.27GeV/c2, and the energy

difference, |∆E| ≡ |E∗
B − (

√
s/2)| < 0.2GeV. Here,

√
s,

p∗B , and E∗
B are the SuperKEKB center-of-mass (c.m.)

energy, and the momentum and energy of the B meson
in the c.m. system, respectively.

Particle candidates not used to reconstruct the Btag

are used to form the Xs candidate. We use a sum-of-
exclusive decays method to reconstruct theXs candidate,
which provides high sensitivity to the inclusive decay,
despite the presence of two undetected neutrinos. The
Xs candidate is reconstructed in 30 decay modes: Knπ
(0 ≤ n ≤ 4) with at most two π0, and 3Knπ (0 ≤ n ≤ 1)
with at most one π0 and one K0

S , where K indicates K±

orK0
S . These decay modes cover 83% of the non-resonant

Xs decay in the signal simulation samples, assuming the

K0
L contribution is equal to that of K0

S . In total, the
reconstructed modes constitute 93% of the B → Xsνν̄
branching fraction in the signal simulation samples.
The Xs-candidate reconstruction proceeds as follows.

Except for π± from K0
S candidates, the distance of clos-

est approach of a track to the interaction point (IP) is
required to satisfy dr < 0.5 cm in the transverse plane
and |dz| < 2 cm along the z-axis. The numbers of hits
in the PXD and CDC must be greater than 0 and 20,
respectively. Kaon and pion candidates are selected us-
ing charged particle identification (PID) likelihoods, built
using information from the SVD, CDC, TOP, ARICH,
ECL, and KLM subsystems.
Photon candidates are reconstructed from ECL clus-

ters not geometrically matched to charged tracks; to
guarantee that clusters do not originate from charged
particles, their polar angle θ must be within the CDC
acceptance, 17◦ < θ < 150◦. The energy of a photon can-
didate must be greater than 80MeV, 30MeV, or 60MeV
for candidates detected in the forward, barrel, and back-
ward regions of the ECL, respectively.
We reconstruct π0 candidates from pairs of photon can-

didates with invariant mass in the range 120 < mγγ <
145 MeV/c2. The momentum of π0 candidates must be
larger than 0.4GeV/c. We require the absolute difference
in azimuthal angle between the two photons to be less
than 1.5 rad in the laboratory frame. Additionally, the
opening angle must be smaller than 1.4 rad.
We reconstruct K0

S candidates from two oppositely
charged tracks, for which a vertex fit [32] is performed
and required to converge. The significance of the dis-
tance from this vertex to the IP must be larger than 50.
We require the invariant mass of K0

S -candidates to be
within 10MeV/c2 of the nominal K0

S mass [33].
To suppress combinatorial background, the recon-

structed invariant mass of theXs candidate (M
reco
Xs

) must
be lower than 2.0GeV/c2. A decay-chain vertex fit [32]
is required to converge for Xs candidates in decay modes
with two or more charged tracks. The c.m.-frame mo-
mentum of the Xs must satisfy 0.5 < p∗Xs

< 2.96GeV/c.
To suppress backgrounds from D mesons, Xs candidates
with M reco

Xs
in the range [1.84, 1.89]GeV/c2 are rejected.

The X0
s flavor is assigned based on the net charge of

the associated kaons; if zero, the flavor is undetermined.
Pairs of Xs and Btag candidates are further considered
only if they have total charge zero and opposite flavor
(where determined).

The dineutrino system can be mimicked by particles
outside the detector acceptance. Therefore, we require
the polar angle of the missing momentum p⃗miss = p⃗e+e−−∑
p⃗track −

∑
p⃗γ to be in the detector acceptance, 17◦ <

θmiss < 150◦. Here, p⃗track and p⃗γ are the momenta of
charged tracks and photon candidates.
For each combination of Xs and Btag candidates, the

tracks or photon candidates not used in the reconstruc-
tion of these candidates form the rest-of-event. The num-
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bers of tracks from the IP, π0, and K0
S candidates in the

rest-of-event are required to be zero. The rest-of-event
is allowed to contain photon candidates and tracks with
dr > 2 cm or |dz| > 4 cm. We calculate the total lab-
frame energy Eextra as the sum of all photon candidates
with energies greater than 100, 60, and 150MeV in the
forward, barrel, and backward regions of the ECL, re-
spectively. Eextra is required to be less than 1.3GeV, and
is further used for background suppression, as explained
later.

After these selections, the average multiplicity of
BtagXs candidates per event is 1.71 in simulated sig-
nal samples and 1.45 in data. In each event, we retain
only the candidates with the highest Btag FEI probabil-
ity. After this, the average multiplicity is reduced to 1.06
for simulated signal samples and 1.13 for data, with neg-
ligible statistical uncertainty. Multiple candidates arise
from the exchange of photons or tracks that are displaced
from the IP, which are not vetoed in the rest-of-event. If
multiple signal candidates remain, we select one at ran-
dom.

The dominant background contributions arise from
continuum e+e− → qq̄ processes and non-signal BB de-
cays. To suppress them, we use a boosted decision tree
(BDT) [34]. The BDT uses 32 input variables: 26 vari-
ables related to kinematics, the rest-of-event, and event
shape, selected for their separation power and good data-
simulation agreement, and 6 variables specifically de-
signed to suppress backgrounds from D mesons. The
list of input variables is provided in the Supplemental
Material [35].

Among the 32 BDT-input variables, Eextra provides
the largest signal-background discrimination. We re-
quire the BDT output, denoted OBDT and ranging from
0 to 1, to be greater than 0.86. This criterion is cho-
sen to include the point that maximizes the figure of
merit (FOM), defined as Nsig/

√
Nsig +Nbkg where Nsig

and Nbkg are the expected numbers of signal and back-
ground events. According to the simulation, the OBDT

requirement retains 68% of signal events while rejecting
97% of background. The expected background yield is
3338 events, comprising 1568 qq̄ and 1770 BB events.
This total includes 4.0±0.9 events from the B+ → τ+(→
X+

s ν̄)ν background. In the simulated signal sample, the
ratio of charged to neutral B decay modes is approxi-
mately 2.7:1.

A signal region is defined in M reco
Xs

×OBDT space and
divided into 3 × 5 bins. The bin boundaries along the
M reco

Xs
axis, [0.0, 0.6, 1.0, 2.0]GeV/c2, correspond to re-

gions dominated by K, K∗, and higher-mass Xs states,
labeled MR1, MR2, and MR3. The boundary between
MR2 and MR3 is set to 1.0GeV/c2, slightly below the
non-resonant generation threshold of 1.1GeV/c2, to min-
imize sensitivity to the modeling of the non-resonant Xs

generation point. In MR1, MR2, and MR3, the bin
boundaries along the OBDT axis are [0.86, 0.9195, 0.979,

0.986, 0.993, 1.0], [0.86, 0.8925, 0.925, 0.95, 0.975, 1.0],
and [0.86, 0.9, 0.94, 0.96, 0.98, 1.0], respectively. These
bin boundaries are chosen to maximize sensitivity with-
out introducing fit bias, which is verified by a pseudo-
experiment study. For simplicity, bin indices are assigned
from 1 to 15. The indices range from 1 to 5 in MR1, from
6 to 10 in MR2, and from 11 to 15 in MR3, increasing
along the positive OBDT axis within each mass region.

We perform a binned maximum likelihood fit to the
M reco

Xs
×OBDT distribution to determine the signal yields

in three M true
Xs

regions; 0.0 < M true
Xs

< 0.6GeV/c2,
0.6 ≤ M true

Xs
< 1.0GeV/c2 and 1.0GeV/c2 ≤ M true

Xs
,

where M true
Xs

is the true mass of the Xs system, obtained
from the simulation. The relationship between recon-
structed and true mass, including cross-feed between re-
gions, is derived from the signal simulation. We use the
HistFactory [36] package to construct the probability
density function (PDF) as the product of Poisson distri-
butions and auxiliary terms. The expected numbers of
events for the Poisson distributions are determined from
simulation and includes correction factors and system-
atic uncertainties, described below. We introduce nui-
sance parameters to the likelihood with Gaussian con-
straints and parametrize systematic uncertainties as aux-
iliary terms. The values of the nuisance parameters and
the signal branching fractions are determined by the fit.

Data-driven corrections are applied to the modeling.
The B+ → K+νν̄ analysis [7] observed a mismodeling
of the photon multiplicity in Belle II. This mismodel-
ing likely arises from beam-related backgrounds and en-
ergy deposits from hadrons. To address this, we compare
the photon multiplicity distributions in data and simu-
lation using B±

tagX
0
s candidates formed by combining a

charged Btag candidate and a neutral Xs candidate. Cor-
rection factors are derived from the ratio of data to sim-
ulation. We reweight simulation samples as a function
of the photon multiplicity to correct for the disagree-
ment. The simulation of the fragmentation of the Xs

system is corrected using results from a measurement of
B → Xsγ [37] in three M true

Xs
regions: [1.15, 1.5]GeV/c2,

[1.5, 2.0]GeV/c2, and [2.0, 2.4]GeV/c2. Corrections are
applied to nine decay mode categories: Kπ without π0,
Kπ with one π0, K2π without π0, K2π with one π0, K3π
without π0, K3π with one π0, K4π with at most one π0,
decay modes including 2π0, and decay modes including
3K. The B → Xsnn̄ and B → XsK

0
LK

0
L decays consti-

tute peaking backgrounds and require accurate modeling.
For the modeling of B → K(∗)nn̄ decays, branching frac-
tions are corrected using measurements of B → K(∗)pp̄
decays [38–40], and the distribution of neutron-pair in-
variant mass, Mnn̄, is modeled using the distribution of
proton-pair mass,Mpp̄, from these decays. To correct the
remaining B → Xsnn̄ simulation samples, we reconstruct
B → Xspp̄ events in data and use the measured Mpp̄

distribution to reweight the simulated Mnn̄ shape. The
kinematics and branching fractions of B+ → K+K0

LK
0
L
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and B0 → K0
SK

0
LK

0
L are corrected based on the observed

B+ → K+K0
SK

0
S [41] and B0 → K0

SK
0
SK

0
S [42, 43] dis-

tributions, respectively. The modeling of B → K∗K0
LK

0
L

and the remaining B → XsK
0
LK

0
L decays is corrected

using reconstructed B → K∗K0
SK

0
S and B → XsK

0
SK

0
S

decays.

Four samples are used for corrections to and validation
of the PDFs, and for estimating the PDF-related system-
atic uncertainties: the off-resonance data, an Mbc side-
band, an OBDT sideband, and a B → J/ψXs sample. To
estimate the systematic uncertainty for the OBDT distri-
bution for e+e− → qq̄ background, a BDT with the same
input variables is trained to distinguish off-resonance
data from simulation [44]. A weight

√
t/(1− t), where

t is the BDT output, is applied to each event of the on-
resonance e+e− → qq̄ simulation sample. The resulting
OBDT distribution is used in the fit, and the changes in
the signal branching fractions are taken as systematic
uncertainties. Additionally, data-to-simulation efficiency
ratios are measured to be 1.21 ± 0.13, 0.90 ± 0.20, and
0.78±0.10 for MR1, MR2, and MR3, respectively. These
ratios are applied as correction factors to the qq̄ efficien-
cies, and their statistical uncertainties are assigned as
systematic uncertainties. The OBDT distribution for BB
events is validated with the Mbc sideband, defined as
5.20GeV/c2 < Mbc < 5.26GeV/c2, and with the OBDT

sideband, defined as 0.80 < OBDT < 0.86. We com-
pare the efficiencies of the OBDT requirement between
data and simulation samples using B → J/ψXs events
with J/ψ → µ+µ−. The reconstruction and selection
procedures are the same as for the B → Xsνν̄ analysis,
except for the selection of a J/ψ → µ+µ− candidate.
We require the invariant mass of the J/ψ candidate to
be within 0.05GeV/c2 of the nominal mass [33]. The
B candidate from the B → J/ψXs decay must satisfy
Mbc > 5.25GeV/c2 and |∆E| < 0.1GeV. The event
is then treated as a B → Xsνν̄ event by ignoring the
muons from J/ψ → µ+µ−. We verified using simula-
tion that the OBDT selection efficiencies are consistent
between B → J/ψXs and signal decays for MR1 and
MR2. The data-to-simulation OBDT selection efficiency
ratios are 1.00±0.04, 1.05±0.08, and 0.97±0.14 for MR1,
MR2, and MR3, respectively. These ratios are used as
correction factors, and their statistical uncertainties are
assigned as systematic uncertainties.

Table I shows a summary of the dominant system-
atic uncertainties. The finite size of the simulation sam-
ples used to determine the PDF shapes is included as
a source of systematic uncertainty, and is dominated by
the limited statistics of the background simulation sam-
ples. The ratio of data to simulation in the Mbc and
OBDT sideband regions shows a maximum deviation of
12%. A conservative systematic uncertainty of ±20% is
assigned to the background normalization in each M reco

Xs

region: MR1, MR2, and MR3. To estimate the sys-
tematic uncertainty of the photon multiplicity correc-

TABLE I: Summary of the dominant systematic uncertain-
ties and the total contribution from subdominant uncertain-
ties on B(B → Xsνν̄) in the entire M true

Xs
range. The impact

on the branching fraction uncertainty σB from each source is
estimated by fixing the corresponding nuisance parameter in
the minimization procedure and subtracting its uncertainty
in quadrature from the total uncertainty. Due to correlations
among sources, the quadrature sum of individual uncertain-
ties does not equal the total uncertainty.

Source Impact on σB [10−5]

Simulated-sample size 6.0

Background normalization 5.7

Branching fractions of major B-decays 2.3

Non-resonant Xsνν̄ generation range 2.1

OBDT selection efficiency 2.1

Photon multiplicity correction 1.8

qq̄ background efficiency 1.8

Other subdominant contributions 3.1

Total systematic sources 11.7

tion factor, we compare the photon multiplicity distri-
butions in data and simulation with B0

tagX
±
s candidates.

The residual difference is assigned as the systematic un-
certainty of photon multiplicity correction factor. The
lower bound on the M true

Xs
mass when generating the

non-resonant B → Xsνν̄ component is set to 1.1GeV/c2.
We assign a systematic uncertainty of ±0.1GeV/c2 to
this value, which is conservatively estimated from the
M true

Xs
distribution of B → Xsγ, B

0 → K+π−µ+µ−, and
B+ → K+π+π−µ+µ− decays [24–26]. The impact of an
S-wave Kπ component in the M true

Xs
< 1.0GeV/c2 region

was determined with simulation to have a negligible ef-
fect. The impact of varying the branching fractions of
the leading B meson decays [33] is also included as a sys-
tematic uncertainty. The full list of contributions to the
systematic uncertainty, including subdominant contribu-
tions, is included in the Supplemental Material [35].

The post-fit distribution of the bin index is shown
in Fig. 2. The branching fractions, given in Table II,
are calculated as B = Nsig/(2 × NBB × ϵ), where NBB

is determined as in Ref. [45]. The signal distribution
is shown separately in the Supplemental Material [35].
The observed signal yields are not significant, and up-
per limits (ULs) on the branching fractions are deter-
mined using the CLs method [46]. The CLs values are
shown in the Supplemental Material [35]. The central
value of B(B → Kνν̄) determined from the fit results is
[0.3±0.8(stat)+0.8

−0.7(syst)]×10−5, consistent with the value

[1.1+0.9
−0.8(stat)

+0.8
−0.5(syst)]×10−5 obtained in the dedicated

B+ → K+νν̄ analysis [7].

After unveiling the signal region, which had not been
examined during the optimization of the analysis, we
identified and corrected an error in the single-candidate
selection. This resulted in a 2.6% change in the mean up-
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FIG. 2: The bin index distribution after the fit, for data
and histogram templates. The background templates are
separated into 6 categories: charged B meson decay, neu-
tral B meson decay, and four types of e+e− → qq̄ back-
ground (q = u, d, s, c).

TABLE II: Efficiencies (ϵ), signal yields (Nsig), and
branching-fraction (B) central values and upper limits, where
the subscripts obs and exp indicate observed and expected
values, respectively. The efficiencies are determined from the
fit, since they depend on nuisance parameters. The expected
upper limit is calculated from the background-only hypoth-
esis. The first and second uncertainties are statistical and
systematic, respectively.

B [10−5]

M true
Xs

[
GeV/c2

]
ϵ
[
10−3

]
Nsig central value ULobs ULexp

[0, 0.6] 2.93 6+18
−17

+19
−16 0.3± 0.8+0.8

−0.7 2.2 2.0

[0.6, 1.0] 1.32 36+27
−26

+31
−26 3.5+2.7

−2.5
+3.1
−2.6 9.3 6.4

[1.0,mB ] 0.63 25+45
−43

+63
−53 5.1+9.2

−8.8
+12.9
−11.0 30.9 27.3

Full range 0.97 66+64
−61

+95
−81 8.8+8.5

−8.2
+12.6
−10.7 32.7 24.2

per limit expected from the simulation and a 0.6% change
in the observed upper limit from data.

In summary, we search for B → Xsνν̄ decay using
365.4 fb−1 of Υ (4S) and 42.7 fb−1 of off-resonance data
collected by the Belle II experiment. The analysis re-
constructs one B meson in a hadronic decay mode and
considers 30 exclusive channels in the reconstruction of
the Xs system. No significant signal is observed, and
we set 90% C.L. upper limits on the partial branching
fractions of 2.2 × 10−5 for 0.0 < M true

Xs
< 0.6GeV/c2,

9.3× 10−5 for 0.6 < M true
Xs

< 1.0GeV/c2, and 3.1× 10−4

for 1.0GeV/c2 < M true
Xs

. We calculate the branching frac-
tion for the entire M true

Xs
region by summing the partial

branching fractions to find

B(B → Xsνν̄) = [8.8+8.5
−8.2(stat)

+12.6
−10.7(syst)]× 10−5,

and set a corresponding 90% C.L. upper limit

B(B → Xsνν̄) < 3.3× 10−4.

This branching fraction and upper limit do not include
the contribution from long-distance B+ → τ+(→ X+

s ν̄)ν
decays. This is the first search for inclusive B → Xsνν̄
decays and can be used to constrain potential contribu-
tions from physics beyond the SM [11].
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