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1 Introduction

The B0
(s) → K0pp decays involve contributions from both QCD penguin and tree-level ampli-

tudes. The QCD penguin contributions proceed via the b→ qqs and b→ qqd quark transitions
(where q = u, d), while the tree-level b→ u contributions are CKM suppressed [1]. These
processes provide a valuable probe into the dynamics of charmless B meson decays. The
pp mass distribution that peaks near threshold in these decays is a key feature indicating
the involvement of nontrivial intermediate states that influence the decay dynamics. The
observed decay rate hierarchy, where the B0 → K0pp rate is significantly lower than that
of the B+ → K+pp mode, contrasts with other decay modes such as B0,+ → π0K0,+ and
B0,+ → J/ψK0,+ [2–7].

Measurements of branching fractions and CP asymmetries are essential for testing
and refining theoretical model [8, 9]. The relative branching fractions of B0 → K0pp and
B0

s → K0pp decays provide precise tests of flavour symmetries, as their quark-level diagrams
are related not only through the interchange of d and s spectator quarks but also through
modifications to the weak decay process to ensure the correct final-state quark content.
Additionally, these decays serve as key observables for studying CP violation in loop-dominated
processes [10]. Time-dependent Dalitz analyses can measure CP -violating parameters, which
may be sensitive to potential physics beyond the Standard Model [11, 12].

In this paper, a search for the B0
s → K0pp decay mode is performed, and the branching

fractions of B0
(s) → K0pp decays are determined by employing the well-known B0 → K0π+π−

decays for normalisation [13]. In both decays, the K0 is reconstructed through the two-pion
decay of its short-lived mass eigenstate (K0

S → π+π−). This analysis uses the full Run 1
(2011–2012) and Run 2 (2015–2018) LHCb data samples of proton-proton (pp) collisions at

– 1 –



J
H
E
P
0
7
(
2
0
2
5
)
1
2
1

centre-of-mass energies of 7, 8, and 13 TeV, corresponding to an integrated luminosity of about
9 fb−1. To improve statistical significance, the data sample is divided into four subsamples
(2011, 2012, 2015–2016, and 2017–2018) based on variations in peak shapes, which arise from
differences in the centre-of-mass energies and trigger configurations during data collection.

While the measured pp and K0p mass regions span the full kinematic range, contributions
from charmonium (ηc, J/ψ, ψ(2S)) and open-charm (Λ+

c ) decays are explicitly excluded
from the respective regions. A dedicated efficiency correction accounts for the phase-space
contribution in the excluded regions, ensuring that the aforementioned mass vetoes have
a negligible impact on the branching fraction measurement. The B0 → K0pp branching
fractions have been measured by the BaBar and Belle collaborations [7, 14], with both results
in good agreement. These previous measurements also cover the full pp kinematic range,
allowing a direct comparison.

2 Detector and simulation

The LHCb detector [15, 16] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [17], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 T m, and three stations of silicon-strip
detectors and straw drift tubes [18] placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a
track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution
of (15 + 29/pT)µm, where pT is the component of the momentum transverse to the beam,
in GeV/c. Different types of charged hadrons are distinguished using information from two
ring-imaging Cherenkov detectors [19]. Photons, electrons and hadrons are identified by a
calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [20].

Simulation is used to model the effects of detector acceptance and selection requirements,
as well as to study backgrounds from other b-hadron decays. Both the signal and normalisation
decays are simulated using a phase-space model. In the simulation, pp collisions are generated
using Pythia with a specific LHCb configuration [21]. Decays of unstable particles are
described by EvtGen [22], in which final-state radiation is generated using Photos [23].
The interaction of the generated particles with the detector, and its response, are implemented
using the Geant4 toolkit [24, 25] as described in ref. [26].

The online event selection is performed by a trigger [27], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hardware trigger level, events are
required to have a muon with high pT or a hadron, photon or electron with high transverse
energy in the calorimeters. The software trigger requires a two-, three- or four-track secondary
vertex with a significant primary pp interaction vertices with PVs. At least one charged
particle must have high transverse momentum and be inconsistent with originating from any
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reconstructed PV. A multivariate algorithm [28, 29] is used for the identification of secondary
vertices consistent with the decay of a b hadron. It is required that the software trigger
decision must have been caused by tracks from the decay of the signal B candidate.

3 Event selection

To suppress background, events satisfying the hardware and software trigger requirements
undergo an additional two-stage offline selection: a loose preselection followed by a multivariate
selection. The loose preselection, which primarily relies on topological features to distinguish
signal from background, includes criteria such as the displacement of the B decay products
from the PV.

Reconstructed K0
S → π+π− decays are classified into two categories: the ‘long’ category,

which includes K0
S mesons that decay at shorter flight distances, allowing pion tracks to be

reconstructed in the vertex detector, and the ‘downstream’ category, which comprises K0
S

mesons that decay further downstream, where the pion track segments cannot be formed in
the vertex detector. The long category has better mass, momentum and vertex resolution than
the downstream category. The K0

S candidates are formed by combining two charged pions
associated with long (downstream) tracks, with momenta greater than 2 GeV/c (6 GeV/c),
and inconsistent with originating from a PV; the dipion vertex fit must be of good quality,
and the resulting invariant mass must lie within ±20 MeV/c (±30 MeV/c) of the known K0

S
mass [13]. The K0

S vertex must be significantly displaced from its associated PV, which
is defined using the difference in the vertex-fit χ2 of a given PV reconstructed with and
without the K0

S candidate.
The B candidates are formed by combining a K0

S candidate with two oppositely charged
hadrons, either pp or π+π−. In the former case, to ensure good particle identification
(PID), the proton momentum is required to be within 8 < p < 100 GeV/c for Run 1 and
11 < p < 100 GeV/c for Run 2 [30]. The scalar sum of the transverse momenta of the K0

S meson
and two proton candidates must be greater than 3.0 GeV/c (4.2 GeV/c), for long (downstream)
candidates, and at least two of these three decay products must have pT > 0.8 GeV/c. The
reconstructed B candidate vertex is required to be of good quality, significantly separated
from any PV, and isolated from other tracks. The B candidates should also be consistent
with originating from a PV. Finally, the K0

S decay vertex is required to be at least 30 mm
downstream of the B vertex along the beam direction. The PID requirements are applied
to ensure each final-state particle is consistent with its hypothesis.

A boosted decision tree (BDT) classifier [31, 32], implemented in the TMVA toolkit [33],
is used to separate signal from background. The classifier is trained using variables related to
the B candidate, such as pT, pseudorapidity, decay time, the vertex-fit quality, and the angle
between its reconstructed momentum and flight direction. It also considers vertex properties
such as the consistency with the PV, the separation between the B and K0

S vertices along
the beam direction, and the impact parameter significance and pT of the final-state particles.

As the decay topologies of B0
(s) → K0

Spp and B0 → K0
Sπ

+π− are nearly identical, only
B0 → K0

Spp decay samples are used to train the classifier. The signal training sample consists
of simulated B0 → K0

Spp decays, while the background training sample consists of data from
the upper-mass sideband region, defined as 5450 < m(K0

Spp) < 5800 MeV/c2.
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The B0
(s) → K0

Spp and B0 → K0
Sπ

+π− candidates are categorised by K0
S reconstruction

type (long and downstream) and data-taking period (2011 and 2012 share a common selection).
Selections are optimised separately for the B0 → K0

Spp branching fraction measurement
and the B0

s → K0
Spp search, with the BDT requirement optimised independently for each

subsample. For the previously established B0 → K0
Sh

+h− decays, with h=π or p, the BDT
selection is optimised for signal significance, defined as Nsig/

√
Nsig +Nbkg, where Nsig and

Nbkg represent the numbers of expected signal and background candidates within the signal
5234 < m(K0

Sh
+h−) < 5324 MeV/c2. The value of Nsig is estimated using the signal yield

extracted from fits to data selected with a looser BDT selection requirement and scaling it by
the efficiency of the tighter BDT selection, as determined from simulation. The value of Nbkg
is calculated by fitting the upper mass sideband region and extrapolating into the signal region.
In contrast, since the B0

s → K0
Spp decay mode has not yet been observed, the BDT selection

is optimised to enhance its sensitivity, based on the figure-of-merit εsig/(α/2 +
√
Nbkg) [34],

where εsig is the signal efficiency, estimated from simulation, and α = 5 is the desired
significance for the signal channel.

After the selection process, the background includes B decays with similar or identical
final states that proceed through intermediate open-charm or charmonium states. Dedicated
invariant-mass vetoes around the known mass values [13] are applied to reject these back-
grounds. Specifically, the veto windows are set to ±30 MeV/c2 for the Λ+

c baryon, ±45 MeV/c2

for the ηc state, ±25 MeV/c2 for the J/ψ state, and ±35 MeV/c2 for the ψ(2S) state. These
ranges typically correspond to ±3σ, where σ is the mass resolution of the considered res-
onance. The effect of the vetoes is determined using simulations, which account for the
exclusion of the pp and K0

Sp regions.

4 Signal extraction

An unbinned maximum-likelihood fit to the invariant mass is performed for each of the eight
subsamples; the invariant masses are determined by constraining the K0

S mass to its known
value [13]. The 2011 and 2012 data share the candidate selection but have separate mass
fits and efficiency calculations due to variations in peak shapes, within the mass regions
5000 < m(K0

Spp) < 5600 MeV/c2 for B0 → K0
Spp and 5050 < m(K0

Sπ
+π−) < 5600 MeV/c2 for

B0 → K0
Sπ

+π−. For the sample optimised for the B0
s → K0

Spp search, the fit is performed
within the mass range 5000 < m(K0

Spp) < 5600 MeV/c2 on two subsamples, categorised by
the K0

S reconstruction type. While separate event selections are applied to the 2011–2012,
2015–2016, and 2017–2018 datasets, they share the same mass fits and efficiency calculations.

For both the B0
(s) → K0

Spp and the normalisation channel B0 → K0
Sπ

+π− decays, the fit
model includes components for the signal, partially reconstructed background, and combina-
torial background. The probability density function for the B0 and B0

s signal peaks consists
of two double-sided Crystal Ball (DSCB) functions [35]. In the fit, the B0 peak position and
B0

(s) mass resolution are allowed to vary freely, while the B0
s peak position is constrained as

µ(B0
s ) = µ(B0) + ∆m, with ∆m = 87.26 MeV/c2 being the known mass difference between

the B0 and B0
s mesons [13]. The tail parameters of the DSCB functions for B0 and B0

s are
fixed to values obtained from their respective simulations.

– 4 –



J
H
E
P
0
7
(
2
0
2
5
)
1
2
1

The partially reconstructed background arises from b-hadron decays into final states
containing K0

Sh
+h− (where h = π, p) along with at least one unreconstructed particle. As

a result, its invariant-mass distribution has a broad shape, peaking at values lower than
the parent b-hadron mass. Its shape is modelled using an ARGUS function convolved with
a Gaussian function [36], where the curvature of the ARGUS function is fixed, while the
slope, the threshold, and the Gaussian mean and width parameters are allowed to vary. The
combinatorial background component, arising from combinations of unrelated particles, is
modelled by an exponential function, with slope parameter allowed to vary.

Background contributions from b-hadron decays that have a topology similar to the signal
channel, but where final-state hadrons (π+ or K+) are misidentified, are also considered in the
fits. The contribution from double misidentification is found to be negligible due to its small
yield, and therefore only the singly misidentified components are included in the fit to the
normalisation mode B0 → K0

Sπ
+π−. These components are modelled using a DSCB function,

with the tail parameters fixed from simulation, while the peak position and width are allowed
to vary. In the fit, the B0

(s) → K0
SK

±π∓ yield is constrained to the yield of the B0 → K0
Sπ

+π−

decays with a fraction that incorporates the known branching fraction ratio, the efficiency
ratio from simulation, and the misidentification rates measured in data control samples.

The individual fits of subsamples are presented in appendix A. The sum of signal yields
from the individual fits are 1 791 ± 52 for B0 → K0

Spp and 32 145 ± 230 for B0 → K0
Sπ

+π−.
A peaking structure is observed in the m(K0

Spp) distribution near the known B0
s meson

mass. The sum of the signal yields, determined using the selection criteria optimised for the
B0

s → K0
Spp search, is 66 ± 12. Based on statistical uncertainty alone, the signal significance is

7.1σ, as calculated using Wilks’ theorem [37]. When systematic uncertainties are also taken
into account, the significance decreases to 5.6σ, as discussed in section 7. For visualisation,
the fit results for the full dataset are shown in figure 1.

5 Branching fraction measurement

The branching fraction of B0
(s) → K0

Spp decays is determined relative to the normalisation
channel B0 → K0

Sπ
+π− through the ratio

B(B0
(s) → K0

Spp)
B(B0 → K0

Sπ
+π−)

= εsel(B0 → K0
Sπ

+π−)
εsel(B0

(s) → K0
Spp)

×
N(B0

(s) → K0
Spp)

N(B0 → K0
Sπ

+π−)
× fd

fd(s)
, (5.1)

where εsel(X) and N(X) are the efficiencies and yields of the different channels, X, and
fd and fs are the hadronisation fractions of a b quark into a B0 or B0

s meson, respectively.
The efficiency term includes the effects of geometrical acceptance and trigger, reconstruction
and selection; it is determined using simulation and dedicated calibration procedures. The
ratio fs/fd has been measured by the LHCb experiment, using hadronic and semileptonic
decays at different centre-of-mass energies [38]. Taking into account the integrated luminosity
and the production cross-section at each centre-of-mass energy, a weighted average value
of 0.2486 ± 0.0078 is obtained.

Three-body hadronic decays, such as B0
(s) → K0

Sh
+h−, exhibit a complex phase-space

structure that can be visualised in a Dalitz plot [39]. The decay amplitude can be influenced

– 5 –



J
H
E
P
0
7
(
2
0
2
5
)
1
2
1

5200 5400 5600

]2c/V) [Me−
π

+
πS

0
K(m

0

500

1000

1500

2000

2500

3000

3500

4000
)

2
c/

V
C

a
n
d
id

a
te

s 
/ 

(5
 M

e

Data

Total fitted results
−

π
+

π
S

0
K →

0
B

−
π

+
π

S

0
K →

0
sB

±

π
±

K
S

0
K →

0
B

±

π
±

K
S

0
K →

0
sB

Part. reco.

Combinatorial

-1
LHCb 9 fb

5200 5400 5600

]2c/V) [Me−
π

+
πS

0
K(m

3
10

410)
2

c/
V

C
a
n
d
id

a
te

s 
/ 

(5
 M

e

-1
LHCb 9 fb

5000 5200 5400 5600

]2c/V) [MeppS
0

K(m

0

100

200

300

400

500

)
2

c/
V

C
a
n
d
id

a
te

s 
/ 

(1
0
 M

e Data

Total fitted results

ppS
0

K →
0

B

ppS
0

K →s
0

B

Part. reco.

Combinatorial

-1
LHCb 9 fb

5000 5200 5400 5600

]2c/V) [MeppS
0

K(m

210

3
10)

2
c/

V
C

a
n
d
id

a
te

s 
/ 

(1
0
 M

e -1
LHCb 9 fb

5000 5200 5400 5600

]2c/V) [MeppS
0

K(m

0

50

100

150

200

250

)
2

c/
V

C
a
n
d
id

a
te

s 
/ 

(1
0
 M

e Data

Total fitted results

ppS
0

K →s
0

B

ppS
0

K →
0

B

Part. reco.

Combinatorial

-1
LHCb 9 fb

5000 5200 5400 5600

]2c/V) [MeppS
0

K(m

10

210

)
2

c/
V

C
a
n
d
id

a
te

s 
/ 

(1
0
 M

e -1
LHCb 9 fb

Figure 1. Invariant-mass distributions of K0
Sh

+h− candidates that pass all selection criteria,
combining all subsamples, are shown (left) on a linear scale and (right) on a logarithmic scale.
Each row corresponds to a given decay mode: (top) B0 → K0

Sπ
+π−, (middle) B0 → K0

Spp, (bottom)
B0

s → K0
Spp. Fit results are also shown.

by intermediate quasi-two-body resonances and broad, nonresonant contributions that overlap
and interfere. This nonuniform distribution of events typically results in higher probability
densities near the kinematic boundaries of the Dalitz plot. The overall efficiency of the
reconstruction and selection depends on the Dalitz structure of the decay. To simplify the
description of the phase space, and to avoid edge effects, the Dalitz plot is transformed into
a square representation [40]. This transformation ensures a more uniform distribution of
candidates near the kinematic boundaries, where resonances are concentrated and efficiency
variations are significant. Along with this transformation, the simulation is weighted to match
the data. Background-subtracted Dalitz plots are obtained using the sPlot method [41],
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where each candidate is assigned a weight derived from fits to the m(K0
Spp) and m(K0

Sπ
+π−)

distributions in section 4. The selection efficiency is then corrected using signal weights from
data and the per-event efficiency from weighted simulation, giving

εsel =
∑

eWe∑
e

We
εe(j)

, (5.2)

where We is the signal weight associated with the candidate e and εe(j) its efficiency, taken
from the corresponding bin j in the square Dalitz plot, which is split into a uniform 5 × 5
grid. The value of εe(j) varies in the range 0.001–0.005 for B0 → K0

Spp, 0.001–0.003 for
B0 → K0

Sπ
+π− and 0.0003–0.0013 for B0

s → K0
Spp decays, with a smooth and well-controlled

overall behaviour.
The PID efficiencies and misidentification rates are derived from simulations based

on the kinematic properties of the tracks in the decay process. These are then corrected,
exploiting the PID response in calibration data. A weighting procedure is performed in bins
of momentum, pseudorapidity, and event multiplicity, accounting for kinematic correlations
between the tracks [42]. Differences in tracking efficiency are corrected as a function of the
track momentum and pseudorapidity using data control channels. Differences in hardware
trigger response between data and simulation are determined using calibration samples
of D∗+ → D0(→ K−π+)π+ and Λ→ pπ− decays where the trigger requirement is satisfied
independently of the decay products. The trigger response is analysed based on the hadron
charge, pT, calorimeter region, and cluster overlap of final-state particles from signal decays,
with a correction for the average underlying energy, which includes contributions from multiple
interactions and diffuse energy deposits [27, 43, 44].

The efficiency correction due to mass vetoes is estimated using simulation, which imple-
ments a uniform phase-space decay model. Therefore, the measured results can be directly
compared with those from other experiments, which are determined across the entire pp

mass range. Finally, the efficiency ratio between B0 → K0
Sπ

+π− and B0 → K0
Spp decays is

1.02 ± 0.02, while that between B0 → K0
Sπ

+π− and B0
s → K0

Spp decays is 2.23 ± 0.12. The
significantly larger ratio observed in the latter case is primarily attributed to differences
in the selection criteria, with the most notable contribution arising from the distinct BDT
requirements applied to the three decay modes. The uncertainties stem from the limited
size of the signal simulation. These efficiency ratios are calculated by combining the values
determined on each data sample.

6 Systematic uncertainties

The B0
(s) → K0

Spp branching fractions are measured relative to the decay B0 → K0
Sπ

+π−, as
expressed in eq. (5.1). Since similar selections and fit procedures are used for decays in the
numerator and denominator, several potential systematic effects are expected to cancel in the
ratio. The remaining uncertainties are discussed in this section and categorised based on their
influence on either the yield measurements (N) or the efficiency (εsel). The uncertainty on
fs/fd is also included where appropriate. The total, statistical and systematic uncertainties
are summarised in table 1.
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The systematic uncertainty associated with the choice of fit model is evaluated by
comparing signal yields obtained from the baseline and alternative fit models, with variations
applied to the signal, partially reconstructed, misidentified, and combinatorial background
components. The difference in signal yields between the two models is fitted with a Gaussian
function, and the systematic uncertainty is taken as the quadrature sum of the Gaussian
mean and width.

For each alternative model, one fit component is varied at a time. For the signal and
misidentified background models, the baseline DSCB functions are replaced with a sum of
a Student’s t-distribution and a Gaussian function. The exponential function modelling
the combinatorial background is replaced by a second-order Chebyshev polynomial function.
To estimate the impact of partially reconstructed background, the fit is performed in the
restricted invariant-mass range of 5150–5600 MeV/c2, where its contribution is reduced.

The accuracy of the efficiency determination is limited by the size of the signal simulation
samples, which is propagated as a systematic uncertainty. Additionally, the effect of the
choice of binning scheme used to subdivide the square Dalitz plot is estimated based on the
spread of the average efficiencies determined from various alternative binning schemes.

The procedure to evaluate the efficiencies of the PID requirements, described in section 4,
uses calibration tracks that systematically differ from the signal tracks. While the binning
procedure attempts to mitigate these differences, there could be some remaining systematic
effect. This is addressed by considering different ensembles of kinematical binning schemes to
determine the efficiency. An overall 1% systematic uncertainty is assigned to quantify any bias
due to the procedure and is added in quadrature with the statistical uncertainties originating
from the finite size of the simulation samples. A relative systematic uncertainty on the
tracking corrections is assigned for the data-taking periods of Run 1 and Run 2, accounting
for differences in hadronic interactions of protons and pions with the detector material [45].

Possible sources of systematic uncertainty related to the efficiency estimation of the
hardware trigger have been studied. Two sources are identified: one arising from the imperfect
simulation of the rate at which overlapping tracks in the hadron calorimeter merge into a
single hadron trigger candidate, and the other from the choice of the data calibration sample.
The first uncertainty is evaluated as the difference in the trigger efficiency correction with and
without the overlapping cluster corrections. For the second, correction factors are determined
using a sample of reconstructed B0 → J/ψK+π− decays, and the difference between the factors
obtained from the two calibration samples is assigned as the systematic uncertainty. These
two uncertainties are treated as independent and are summed in quadrature to obtain the
total systematic uncertainty associated with the hardware trigger efficiency. The differences
observed between the B0 → K0

Spp and B0
s → K0

Spp channels are attributed to the limited
sample size and to possible residual double counting effects, which are expected to be small.

The uncertainty associated with the BDT selection is evaluated by varying the requirement
and recalculating the efficiency and yields. The resulting deviation in the branching fractions
is assigned as an uncertainty. Similarly, the uncertainty from the choice of mass veto regions,
used to exclude charm and charmonium contributions, is assessed by varying their size and
evaluating the selection performance again. The resulting changes are used to determine
the deviation in the branching fractions, which is assigned as the corresponding uncertainty.
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B(B0→K0
Spp)

B(B0→K0
Sπ+π−)

B(B0
s→K0

Spp)
B(B0→K0

Sπ+π−)

Statistical 3.0% 18.4%
Fit model 1.0% 4.7%

Simulation sample size 1.7% 5.5%
Binning 2.4% 2.6%

PID 1.1% 1.2%
Tracking 0.5% 0.5%
L0 trigger 3.6% 5.5%

BDT selection 0.9% 1.2%
Mass veto 0.7% 1.8%
B0

s lifetime — 3.1%
Total systematic 5.0% 9.8%

fs/fd — 2.2%

Table 1. Summary of the relative statistical and systematic uncertainties on the branching fraction
ratios, expressed in percent. The total systematic uncertainty represents the quadrature sum of all
individual systematic contributions.

It is important to note that the efficiency is evaluated over the full range of the pp and
K0

Sp invariant masses. While the vetoed regions do contain a small amount of signal, they
represent only a tiny portion of the phase space. As a result, excluding these regions has a
minimal effect on the overall efficiency and the final results.

The uncertainty in the B0 and B0
s lifetimes affects the selection efficiency. For B0 → K0

Spp

and B0 → K0
Sπ

+π− decays, the effect on the ratio of branching fractions is negligible. The
width difference between the B0

sH and B0
sL states leads to a lifetime variation of up to

5% [13, 46]. Following ref. [47], the systematic uncertainty is evaluated by weighting the
default B0

s → K0
Spp decay time distribution and comparing it to variations of ±5%. The

resulting maximum deviation in the B0
s efficiency is quoted in table 1.

The systematic uncertainties are combined while accounting for their correlations. The
correlation coefficients are 0% for the sample size and mass veto systematics, 50% for the fit
model, PID, binning, tracking, and L0 trigger systematics, and 100% for the BDT selection.
The ‘L0 Trigger’ uncertainty is the dominant contribution.

7 Results and conclusion

A search for the B0
s → K0

Spp decay and measurements of the branching fraction ratios of
B0

(s) → K0
Spp decays are performed, using a pp collision data sample recorded with the LHCb

detector from 2011 to 2018, corresponding to an integrated luminosity of 9 fb−1. The decay
B0

s → K0
Spp is observed for the first time, with a significance of 5.6 standard deviations,

including both statistical and systematic uncertainties.
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The branching fractions of the two decay modes are measured relative to the
B0 → K0

Sπ
+π− decay. The branching fraction ratios are determined independently for two

K0
S reconstruction categories and different data-taking periods for B0 → K0

Spp, and found
to be consistent between all subsamples. Combining these results using the Best Linear
Unbiased Estimate method [48], which takes into account the correlations of systematic
uncertainties among different subsamples, yields:

B(B0 → K0
Spp)

B(B0 → K0
Sπ

+π−)
= (5.67 ± 0.17 ± 0.28) × 10−2,

B(B0
s → K0

Spp)
B(B0 → K0

Sπ
+π−)

= (1.84 ± 0.34 ± 0.18 ± 0.04) × 10−2,

B(B0
s → K0

Spp)
B(B0 → K0

Spp)
= (3.25 ± 0.61 ± 0.36 ± 0.07) × 10−1,

where the first uncertainty is statistical, the second systematic in each case, and
the third originates from the ratio of fragmentation fractions of the B0

s and B0

mesons, fs/fd. Using the known branching fraction of the normalisation chan-
nel, B(B0 → K0π+π−) = (4.97 ± 0.18) × 10−5 [13], the absolute branching fractions of
B0 → K0pp and B0

s → K0pp decays are determined to be

B(B0 → K0pp) = (2.82 ± 0.08 ± 0.12 ± 0.10) × 10−6,

B(B0
s → K0pp) = (9.14 ± 1.69 ± 0.90 ± 0.33 ± 0.20) × 10−7,

where the third and fourth uncertainties are due to the uncertainties of the branching fraction of
the normalisation channel, and fs/fd, respectively. The measured B0 → K0pp branching frac-
tion is consistent with and more precise than the world average value (2.66 ± 0.32) × 10−6 [13].
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Figure 2. Invariant-mass distributions of K0
Spp candidates passing the B0 → K0

Spp selection. Data
corresponding to (left) downstream and (right) long K0

S reconstruction categories are shown for (top)
the 2011 dataset and (bottom) the 2012 dataset. Fit results are also shown.
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A Fit results of all subsamples

The invariant-mass distributions for B0 → K0
Spp candidates (optimised for the branching

fraction measurement) are shown in figures 2 and 3 for Run 1 and Run 2, respectively, while
figures 4 and 5 present the corresponding distributions for B0 → K0

Sπ
+π− candidates. The

B0
s → K0

Spp candidates (optimised for search) distributions appear in figure 6. All analyses
distinguish between downstream and long K0

S reconstruction types, with the corresponding
fit results and signal yields summarised in table 2.
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Figure 3. Invariant-mass distributions of K0
Spp candidates passing the B0 → K0

Spp selection. Data
corresponding to (left) downstream and (right) long K0

S reconstruction categories are shown for (top)
the 2015–2016 dataset and (bottom) the 2017–2018 dataset. Fit results are also shown.
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Figure 4. Invariant-mass distributions of K0
Sπ

+π− candidates passing the B0 → K0
Sπ

+π− selection.
Data corresponding to (left) downstream and (right) long K0

S reconstruction categories are shown for
(top) the 2011 dataset and (bottom) the 2012 dataset. Fit results are also shown.
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Figure 5. Invariant-mass distributions of K0
Sπ

+π− candidates passing the B0 → K0
Sπ

+π− selection.
Data corresponding to (left) downstream and (right) long K0

S reconstruction categories are shown for
(top) the 2015–2016 dataset and (bottom) the 2017–2018 dataset. Fit results are also shown.
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Figure 6. Invariant-mass distributions of K0
Spp candidates passing the B0

s → K0
Spp selection in the full

dataset for (left) downstream and (right) long K0
S reconstruction categories. Fit results are also shown.
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Modes K0
S 2011 2012 2015–2016 2017–2018

B0 → K0
Spp

Downstream 55 ± 9 135 ± 18 303 ± 24 670 ± 33
Long 25 ± 7 83 ± 12 174 ± 18 346 ± 25

B0 → K0
Sπ

+π− Downstream 1044 ± 65 2653 ± 96 4795 ± 108 9203 ± 143
Long 772 ± 52 1678 ± 73 3892 ± 85 8109 ± 132

B0
s → K0

Spp
Downstream 41 ± 9

Long 26 ± 7

Table 2. Signal yields for different decay channels and subsamples. The yields for the B0 → K0
Spp

decay are obtained from fits shown in figures 2 and 3, while the yields for the B0
s → K0

Spp decay
correspond to fits shown in figure 6. The quoted uncertainties are statistical only.
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