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A search for K0
SðLÞ → πþπ−μþμ− decays is performed using proton-proton collision data collected by the

LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 5.4 fb−1.
No K0

SðLÞ → πþπ−μþμ− signals are found and upper limits are set for the first time on the branching fractions

BðK0
S → πþπ−μþμ−Þ < 1.4 × 10−9 and BðK0

L → πþπ−μþμ−Þ < 6.6 × 10−7, at the 90% confidence level.

DOI: 10.1103/s1dv-cv1t

I. INTRODUCTION

Radiative decays of neutral kaons, in which a virtual
photon converts into a Dalitz pair of leptons, provide
a powerful laboratory for testing chiral perturbation theo-
ries and studying CP violation [1]. In particular, the
K0 → πþπ−γ�, with γ� → ll, decay proceeds through
two different processes: inner bremsstrahlung, in which
the virtual photon is emitted from the external charged
pions, and direct emission, where the photon is generated at
the weak vertex (Fig. 1). The CP information is encoded in
the photon polarization and, equivalently, in the distribution
of the angle between the dipion and dilepton planes [2]. As
the K0

L and K0
S mesons have opposite CP eigenvalues, the

K0
L → πþπ−γ� and K0

S → πþπ−γ� decays provide comple-
mentary constraints. The short-lived mode is dominated by
the K0

S → πþπ− process with inner bremsstrahlung and
gives access to the long-distance (LD) chiral terms, while
the long-lived mode is dominated by the direct emission (as
the K0

L → πþπ− decay is heavily suppressed) and grants
access to CP-violating terms [2].
Dalitz decays of the electron modes, K0

SðLÞ→πþπ−eþe−,
have been observed by KTeV [3] and KEK [4]
Collaborations. The most recent and precise results are
provided by NA48 collaboration. Their branching fractions
BðK0

L → πþπ−eþe−Þ ¼ ð3.08� 0.09� 0.18Þ × 10−7, and
BðK0

S → πþπ−eþe−Þ ¼ ð4.83� 0.11� 0.14Þ× 10−5 [5,6],
differ by 2 orders of magnitude, as expected due to the
opposite CP eigenvalues [2,7].
The equivalent muonic mode, K0

SðLÞ → πþπ−μþμ−,
probes higher values of lepton-pair invariant mass (q),

and thus has larger sensitivity to CP-violating observables
where the direct emission contribution is enhanced with
respect to the electron mode. The K0

SðLÞ → πþπ−μþμ−

decay is highly suppressed in the standard model
due to the phase-space limitations presented by the
∼7 MeV=c2 difference in mass between the parent K0

SðLÞ
and the four final-state particles. Theoretical calculations of
BðK0

S → πþπ−μþμ−Þ are dominated by LD contributions to
the K0

S → πþπ−γ� decay, and give BðK0
S → πþπ−μþμ−Þ ¼

ð417.00þ 2.17þ 49.80Þ × 10−16 [1], where the first term is
due to a bremsstrahlung photon emitted by the pion, the sec-
ond term accounts for the direct emission of the photon at
the weak vertex, and the last term represents their inter-
ference. Theoretical calculations for BðK0

L → πþπ−lþl−Þ
have been performed in Refs. [2,7,8] for l ¼ e, but no
specific prediction is given for BðK0

L → πþπ−μþμ−Þ.
Experimentally, neither the K0

S → πþπ−μþμ− nor the
K0

L → πþπ−μþμ− decays have been searched for before.
The LHCb experiment [9] has proven its strong capabil-

ities to study rare kaon decays thanks to its excellent tracking
and particle identification (PID) performance, versatile
trigger system, and large hadron production rate. LHCb
collaboration has previously set world-best upper limits on
BðK0

S → μþμ−Þ [10] and BðK0
SðLÞ → μþμ−μþμ−Þ [11].

FIG. 1. Tree-level diagrams in chiral perturbation theory for the
K0 → πþπ−γ� decay with (left) inner bremsstrahlung and (right)
direct emission of a γ� photon.
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This paper presents the first-ever search for
K0

SðLÞ → πþπ−μþμ−, using proton-proton (pp) collision

data collected by the LHCb experiment during 2016–2018
at a center-of-mass energy of 13 TeV, and corresponding to
an integrated luminosity of 5.4 fb−1.

II. ANALYSIS STRATEGY

The branching fractions are measured with respect to the
K0

S → πþπ− decay, according to

BðK0
SðLÞ → πþπ−μþμ−Þ ¼ αSðLÞNπþπ−μþμ− ; ð1Þ

where the normalization factor αSðLÞ, also known as single-
event sensitivity,1 is defined as

αSðLÞ ≡ BðK0
S → πþπ−Þ

εK0
S→πþπ−

Nπþπ−εK0
SðLÞ→πþπ−μþμ−

: ð2Þ

The parameter εK0
S→πþπ−ðεK0

SðLÞ→πþπ−μþμ−Þ represents the

product of the reconstruction, trigger, and selection effi-
ciency of K0

S → πþπ− (K0
SðLÞ → πþπ−μþμ−) candidates.

The observed number of K0
SðLÞ → πþπ−μþμ− candidates is

Nπþπ−μþμ− , the observed number of K0
S → πþπ− candidates

is Nπþπ− , and BðK0
S → πþπ−Þ ¼ ð69.20� 0.05Þ% [12] is

the branching fraction of the normalization channel. The
K0

S → πþπ− normalization channel is selected due to its
abundant rate. Furthermore, it enables cancellation of the
K0 production rate and reduces systematic uncertainties
related to final-state particle reconstruction.
At LHCb, the K0

L → πþπ−μþμ− and K0
S → πþπ−μþμ−

decays are indistinguishable on an event-by-event basis [9].
For this reason, the K0

L contribution is not considered when
setting the upper limit forK0

S → πþπ−μþμ−, and vice versa.
As a consequence, the set upper limits are more
conservative than they would be if the K0

S and K0
L modes

could be distinguished. The LHCb acceptance for K0
L

decays is ∼2 × 10−3 times that of the K0
S modes [9].

The only relevant difference between K0
S → πþπ−μþμ−

and K0
L → πþπ−μþμ− at the reconstruction level is the

lifetime. As a consequence, the selection strategy is
optimized for K0

S → πþπ−μþμ− decays and then applied
to K0

L → πþπ−μþμ− decays. The K0
S–K

0
L interference is

ignored, as K0 and K̄0 mesons are produced in similar
amounts at LHC [13].

III. LHCB DETECTOR AND TRIGGER

The LHCb detector [14,15] 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 used for this analysis includes a high-precision
tracking system consisting of a silicon-strip vertex detector
(VELO) surrounding the pp interaction region [16], 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 [17] placed downstream of the magnet. The tracking
system provides a measurement of the 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 pp collision vertex
(PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the compo-
nent of the momentum transverse to the beam axis, in
GeV=c. Different types of charged hadrons are distin-
guished using information from two ring-imaging
Cherenkov (RICH) detectors [18]. Photons, electrons,
and hadrons are identified by a calorimeter system con-
sisting of scintillating pad and preshower detectors, and an
electromagnetic and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [19]. In addition,
information from the tracking system, the calorimeter
system, and the RICH detectors is used to further improve
the muon identification.
Events are first filtered by a hardware trigger, known as

L0 [20], which uses information from the calorimeter and
the muon system to select muon candidates with pT above a
few GeV=c. Subsequently, a full event reconstruction is
applied in the high-level trigger (HLT), which is subdivided
into two steps, HLT1 and HLT2. The HLT1 algorithms for
strange decays were improved in 2016 [21,22], boosting
the efficiency of the K0

S → πþπ−μþμ− channel, amongst
others. For this reason, only the 2016–2018 data are
considered in this measurement. In the off-line selection,
trigger signals are associated with reconstructed particles.
Selection requirements can therefore be made on the trigger
selection itself and on whether the decision was due to the
signal candidate (trigger on signal, TOS) or other particles
produced in the pp collision (trigger independent of signal,
TIS). To enhance the L0 trigger efficiency, events fulfilling
either the TIS or TOS requirements are considered in this
analysis. The K0

S → πþπ− normalization channel candi-
dates are reconstructed from data selected by a trigger line
requiring only the presence of a pp interaction, providing
an unbiased representation of the collision. The triggered
data further undergo a centralized, off-line processing
step [23].
Simulation is used to model the effects of the detector

acceptance and selection requirements. In the simulation,
pp collisions are generated using PYTHIA 8 [24,25] with a
specific LHCb configuration [26]. Decays of unstable
particles are described by EvtGen [27], in which final-state
radiation is generated using PHOTOS [28]. The interaction of

1The value of BðK0
S → πþπ−μþμ−Þ corresponding to one

signal event seen in the data sample.
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the generated particles with the detector, and its response, are
implemented using the Geant4 toolkit [29,30], as described in
Ref. [31]. The simulated samples are corrected to account for
known data simulation differences in the K0

S production
kinematics, as well as the track reconstruction and PID
efficiencies. The analysis strategy is developed using
K0

S → πþπ−μþμ− simulated samples. Given the K0
L decay

only differs due to its lifetime, the K0
L → πþπ−μþμ−

efficiency is obtained by weighting the decay time distri-
bution of the simulated K0

S → πþπ−μþμ− sample to match
that of the K0

L meson.

IV. SIGNAL SELECTION

This measurement benefits from the large kaon produc-
tion cross section at the LHC, approximately 0.3 b for both
K0

S and K0
L mesons [9], as well as from the forward

production of kaons, which fall within the LHCb detector
acceptance. The K0

S candidates from both the signal and the
normalization channels are required to originate from a PV.
In case of multiple choices, the PV that fits best to the
flight direction of the K0

S candidate is chosen as the
associated PV. Candidate K0

S → πþπ−μþμ− decays are
reconstructed by combining pairs of oppositely charged,
well-identified muons and pions originating from a
common vertex, displaced from the PV. Candidates with
an invariant mass in the region 490 < mðπþπ−μþμ−Þ <
600 MeV=c2 are retained for further analysis. In order to
avoid experimenter’s bias, selected candidates in the
region 490 < mðπþπ−μþμ−Þ < 510 MeV=c2, which con-
tains approximately 97% of the signal, were removed from
the data sample until the analysis procedure had been
finalized.
Given the relatively long lifetime of the K0

S meson, only
about one-third of its decays occur inside the VELO, while
the remainder take place downstream in the detector.
Decays inside the VELO can be reconstructed with an
invariant-mass resolution roughly twice as good as those
outside. Moreover, the online event selection relies on
tracks with hits in both the VELO and the downstream
tracking stations. Consequently, only decays taking place
inside the VELO are retained in this analysis.
Several selections are applied to reconstructed candi-

dates in order to further reduce background contributions.
These include requirements on the maximum distance of
closest approach between any pair of the four signal tracks,
the flight distance from the PV of the K0

S candidate on the
plane transverse to the beam direction, the angles between
the two muon and the two pion tracks, and PID variables of
the final-state pions and muons.
The only non-negligible background source in the signal

channel arises from random combinations of tracks, which
originate from a pp interaction region or from inelastic
interactions of the products of the pp collision with the

detector material. A boosted decision tree (BDT) [32,33]
classifier implemented in the XGBoost package [34] is used to
further separate the signal from the combinatorial back-
ground. One BDT per trigger category (TIS and TOS) is
used, each including as discriminating variables:

(i) the significance of the distance between the candi-
date decay vertex and any element of the VELO
material [35];

(ii) the smallest IP value of each of the muon and pion
candidates with respect to any of the PVs recon-
structed in the event;

(iii) the smallest IP value of the K0
S candidate to any of

the PVs reconstructed in the event;
(iv) the difference in χ2 of the PV fit when the K0

S can-
didate is or is not included;

(v) the transverse displacement of the K0
S decay vertex

from the beam line; and
(vi) the maximum distance of closest approach between

any pair of the four final-state tracks.
The BDT is trained with simulatedK0

S → πþπ−μþμ− decays
as a proxy for the signal, and πþπ− μþμ− combinations with
an invariant massmðπþπ−μþμ−Þ > 510 MeV=c2 as a proxy
for the background. To mitigate the effects of statistical
fluctuations and minimize overtraining, the k-fold method
[36], with k ¼ 6, is used during the training.
The BDT requirement is optimized for the best expected

upper limit at the 90% confidence level (CL) using
pseudoexperiments, performing fits as explained below.
The BDT requirement corresponds to a signal efficiency of
approximately 80% (95%) for the TIS (TOS) sample, and a
background suppression above 99.9%. After the BDT
selection requirement, in the case of multiple candidates
per event, a single candidate is chosen arbitrarily.

V. FIT MODEL AND NORMALIZATION
DECAY MODE

The signal yield Nπþπ−μþμ− is obtained from a simulta-
neous, extended unbinned maximum-likelihood fit to the
four-track invariant-mass distributions of the signal candi-
dates in the two trigger categories. The invariant-mass
distributions of the selected candidate events, and the result
of the described mass fit, are shown in Fig. 2. No physical
candidates with an invariant mass lower than 490 MeV=c2

can exist due to conservation of energy. To account for this,
the invariant-mass distribution of the background follows
the distribution of the available momentum in a two-body
K0

S → ðπþπ−Þðμþμ−Þ decay. This distribution is modeled
by a function with only one free parameter, which dictates
the kinematic threshold of the candidates,

Qðm;AÞ ¼
� ffiffiffiffi

Δ
p

if Δ > 0

0 if Δ < 0
; ð3Þ

with
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Δ¼ ½ðm−AÞ2− ð2mμþ2mπÞ2�½ðm−AÞ2− ð2mμ−2mπÞ2�
4ðm−AÞ2 ;

ð4Þ

where m is the four-track invariant mass mðπþπ−μþμ−Þ,
and A is its minimum value, which can exceed the sum of
the masses of the two pions and two muons due to the
requirements on the minimum angle between the decay
products. Specifically, Q is the center-of-mass momentum
in a two-body decay, introducing an offset, A, on the mass
of the origin particle, m, that models the kinematic thresh-
old for the detector. The A parameter is extracted from the
fit. The background model is validated on background-
enriched data obtained by loosening the BDT selection
requirement. The K0

S → πþπ−μþμ− signal invariant-mass
shape is parametrized by the sum of two Crystal Ball
functions [37], with the same peak position, and power-law
tails on opposite sides of the distribution. The parameter
values of the signal distribution are obtained from simu-
lated events with corrections obtained from a fit of
K0

S → πþπ− decays in data, following Ref. [10].
The K0

S → πþπ− candidates, selected by combining two
well-identified pions with opposite charge originating from
a common vertex, are further restricted to specific regions
of the Armenteros-Podolanski plane [38] in order to
suppress contributions from Λ → pπ− and Λ̄ → p̄πþ
decays, as seen in Fig. 3. The details of the selection used
can be found in the Appendix. The Nπþπ− value is
determined as the number of candidates in the mass range
400 < mðπþπ−Þ < 600 MeV=c2. Due to the negligible
background contribution after the selection in the

K0
S → πþπ− sample, as illustrated by Fig. 4, no fit to the

invariant-mass distribution is performed to determine the
number of K0

S → πþπ− decays.
The efficiencies are assumed to factorize according to

ε ¼ εrecoεsel=recoεtrig=sel: ð5Þ

Here, εreco is the reconstruction efficiency, εsel=reco is the
selection efficiency for the reconstructed signal candidates,
and εtrig=sel is the trigger efficiency for selected candidates.
The εreco efficiency includes track and vertex reconstruction
effects and is estimated from simulation to be ∼0.2% for
K0

S → πþπ−μþμ− decays and ∼1.5% for K0
S → πþπ−

decays. The εsel=reco efficiency, for K0
S → πþπ−μþμ−

decays, includes the BDT and PID requirements and is
estimated to be around 7%. The equivalent efficiency for
K0

S → πþπ− decays includes the cut on the Armenteros-
Podolanski plane, and it is approximately 46%. Lastly,
the εtrig=sel efficiency is determined to be around 1% for
K0

S → πþπ−μþμ− decays. The unbiased trigger selection
used for the K0

S → πþπ− mode is too loose to record every
selected event. The acceptance rate is artificially reduced by
considering only one event in every 10−7 collision. This is
considered as trigger efficiency for the K0

S → πþπ− mode.
The efficiencies are calculated using simulation samples
with corrections derived from K0

S → πþπ− decays in data.
The tracking efficiency is obtained using dedicated control
samples of J=ψ → μþμ− and K0

S → πþπ− decays using a
tag-and-probe method [39]. Similarly, PID efficiencies are
obtained using calibration samples of low-momentum
muons from J=ψ → μþμ− decays collected concurrently

FIG. 3. Distribution of selected K0
S → πþπ− candidates in data

in the Armenteros-Podolanski plane. The variables of the plane
are the longitudinal momentum asymmetry between the pos-
itively (pþ

L ) and negatively (p
−
L) charged pions, and the transverse

momentum of the pions with respect to the K0
S flight direction,

p0
T. The blue region, containing K0

S → πþπ− decays, is accepted,
while the red regions, containing background from Λ → pπ− and
Λ̄ → p̄πþ decays, are rejected.

FIG. 2. Invariant-mass distributionof selectedK0
SðLÞ→πþπ−μþμ−

candidates in the TIS and TOS trigger categories combined.
The blue lines show the result of a simultaneous fit to both
categories.
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with the data used for the analysis. The relatively low
selection efficiency for the K0

S → πþπ−μþμ− channel is
primarily driven by the limited phase space available, the
small mass difference between the K0

S and the four final-
state particles results in low-pT final-state products and
small opening angles. This makes it difficult to distinguish
signal tracks from the background produced in pp colli-
sions without a significant loss in efficiency. The trigger
efficiencies obtained in simulation are validated with

K0 → π�μ∓ ν
ð−Þ

μ decays, by comparing the trigger effi-
ciency in simulation and data, as described in Ref. [10].
The simulated samples used to compute the efficiencies are
generated assuming the decay amplitude is uniform over
the phase space of the K0

S particle without accounting for
the presence of any intermediate resonances. The obtained
efficiencies are verified to be independent of such effects.
The efficiency for the K0

L → πþπ−μþμ− decay is derived
using the same procedure applied to K0

S → πþπ−μþμ−

simulated samples, weighted to reproduce the K0
L lifetime,

as mentioned in Sec. III.

VI. SYSTEMATIC UNCERTAINTIES

Table I shows the sources of systematic uncertainty on αS
considered in this analysis. The systematic uncertainties are
incorporated into the fit of the signal-candidate mass
distribution as Gaussian priors on the single event sensi-
tivity. For convenience, sources of systematic uncertainty
are separated into those acting independently on each
trigger category and those affecting the overall normaliza-
tion factor.
A 1% systematic uncertainty on the efficiencies accounts

for minor modifications of the trigger selection criteria
throughout the Run 2 data-taking period. These are deter-

mined by comparing the yields of triggered K0 → π�μ∓ ν
ð−Þ

μ

and K0
S → πþπ− decays from the trigger-unbiased data.

To compute the systematic uncertainty associated with the
corrections applied to the simulation, the efficiency ratio is
recomputed with and without corrections on the kaon
momenta. Half of the correction is taken as the systematic
uncertainty and amounts to a 9% effect on αSðLÞ. The
systematic uncertainty on the K0

S → πþπ− yield is evaluated
by comparing the number of selected K0

S → πþπ− candi-
dates in data with the yield obtained from a fit to the πþπ−
invariant mass with a floating background component
modeled as an exponential function. A 1% systematic
uncertainty contribution is found to cover any variation.
The uncertainty on the PID efficiency corrections is propa-
gated to the ratio of efficiencies and gives an additional 2%
systematic uncertainty. The differences between data and
simulation in the track reconstruction efficiencies, deter-
mined using control channels from data, are covered by a 2%
systematic uncertainty. The L0 and HLT efficiencies
for the K0

S → πþπ−μþμ− signal are determined using

K0 → π�μ∓ ν
ð−Þ

μ decays as control modes. The efficiencies
are found to be compatible between data and simulation, and
their difference is used as the systematic uncertainty,

following Ref. [10]. The K0→π�μ∓ ν
ð−Þ

μ sample at LHCb
is composed of K0

S and K0
L in similar amounts, due to a

compensation between the different branching fractions
[40–42], and the different reconstruction efficiency driven
by the decay-time acceptance, which produces similar decay-
time distributions for reconstructed K0

L and K0
S decays.

A systematic uncertainty of 1.4% is added to the relative
efficiency between K0

S → πþπ−μþμ− and K0
L→πþπ−μþμ−

decays, whenmeasuringBðK0
L → πþπ−μþμ−Þ. This system-

atic uncertainty covers the difference of the efficiency
ratio across the data-taking period as well as uncertain-
ties related to the limited simulation sample size. The
systematic uncertainties from the signal and background
invariant-mass models are negligible at the current level
of precision. The uncertainty on the branching fraction
BðK0

S → πþπ−Þ ¼ ð69.20� 0.05Þ% induces a 0.07%uncer-
tainty on αSðLÞ, also considered negligible.

FIG. 4. Invariant-mass distribution of the selected K0
S → πþπ−

candidates.

TABLE I. Summary of the sources of systematic uncertainty, as
well as their relative effect on the single event sensitivity, αS.

Source Relative effect ð%Þ
Variations in data taking 1
Data/simulation differences 9
K0

S → πþπ− yield 1
PID 2
Tracking 2
L0 9 (TIS), 11 (TOS)
HLT 13

Total 18 (TIS), 19 (TOS)
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VII. RESULTS AND CONCLUSIONS

The number of trigger efficiency–corrected K0
S → πþπ−

decays is found to be ð8.79� 0.11Þ × 1012. The efficiency
ratios, εK0

S→πþπ−=εK0
S→πþπ−μþμ− , are determined to be

ð2.9� 0.3Þ × 103 and ð5.4� 0.5Þ × 103 for the TIS and
TOS categories, respectively. Note that the trigger effi-
ciency is considered in the K0

S → πþπ− yield instead of on
the efficiency ratios. The obtained normalization factors are
αTISS ¼ð2.27�0.42Þ×10−10 and αTOSS ¼ð4.21�0.81Þ×10−10,
assuming that the muons and pions are uniformly distrib-
uted in phase space for K0

S → πþπ−μþμ− decays. The
normalization factors, αTIS and αTOS, are derived for the
K0

L → πþπ−μþμ− decay, using Eq. (2), and the efficiency
for K0

L → πþπ−μþμ− decays, computed as described
in Sec. V.
The final data are consistent with the background-only

hypothesis at the level of 1.9 standard deviations, showing
no evidence for a signal. Upper limits are set, at 90% CL,
by integrating the exponent of the negative profiled log-
likelihood up to 90% of its total area, validated using
pseudoexperiments. The upper limits are determined to be

BðK0
S → πþπ−μþμ−Þ < 1.4 × 10−9;

BðK0
L → πþπ−μþμ−Þ < 6.6 × 10−7;

where the limit on each decay mode assumes the absence of
the other.
In summary, a search for the K0

SðLÞ → πþπ−μþμ− decays
has been performed using pp collision data recorded at
LHCb between 2016 and 2018, corresponding to an
integrated luminosity of 5.4 fb−1. No evidence for signal
is found, and an upper limit for each mode is reported for
the first time.
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APPENDIX: ARMENTEROS-PODOLANSKI
REQUIREMENT

As described in Sec. V, theK0
S → πþπ− sample is selected

using a requirement in the Armenteros-Podolanski plane.
Such cut is defined as
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> 0.3;

where, α ¼ pþ
L−p

−
L

pþ
Lþp−

L
is the longitudinal momentum asymmetry

between the positive and negative final-state tracks, pL and
pT are the longitudinal and transverse track momentum with
respect to the origin particle momentum in the laboratory
frame, and p� ≡ ½ðM2

Λ −M2
p −M2

πÞ2 − 4M2
pM2

π�=ð4M2
ΛÞ is

the magnitude of final-state track momentum in the center-
of-mass frame, assuming a Λ decay.
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F-75005 Paris, France, Paris, France

17I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
18Universität Bonn—Helmholtz-Institut für Strahlen und Kernphysik, Bonn, Germany

19Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany
20Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany

21Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany

SEARCH FOR K0
SðLÞ → πþπ−μþμ− … PHYS. REV. D 113, 072001 (2026)

072001-11

https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0009-0003-9742-3949
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0009-0004-1845-0621
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0009-0000-4050-6493
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0009-0002-0904-4985
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-9753-329X
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0009-0000-6052-6889
https://orcid.org/0009-0001-4404-561X
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0003-3625-198X
https://orcid.org/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-3221-7664
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0009-0006-9218-6632
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0009-0006-3864-8365
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0009-0009-3494-2825
https://orcid.org/0009-0005-5503-8334
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-2265-3056
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-9783-5957
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0009-0007-4060-799X
https://orcid.org/0009-0008-4908-087X
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0009-0008-3130-0600
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0009-0006-3560-1596
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0009-0003-2254-7162
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0003-1988-4443
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-2778-0102
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0009-0002-4429-2458
https://orcid.org/0000-0003-0652-721X
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0009-0002-6794-9547
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0009-0003-3902-8123
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0009-0002-8144-422X
https://orcid.org/0009-0008-1106-4153
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-7765-8941
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0009-0007-1731-8700
https://orcid.org/0009-0009-9224-4160
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0002-2207-0101
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0009-0002-2681-2739
https://orcid.org/0009-0009-9636-7029
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0002-0654-7504
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0001-6756-9021
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0009-0009-9115-1122
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0009-0006-7038-0143
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0009-0007-5014-1636
https://orcid.org/0000-0001-5146-7311
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0009-0003-1647-2942
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0009-0000-6595-7266
https://orcid.org/0000-0002-5030-7516
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0009-0001-2039-9739
https://orcid.org/0009-0007-8273-2692
https://orcid.org/0000-0001-9717-1751
https://orcid.org/0000-0002-9865-8964
https://orcid.org/0000-0002-8826-9113
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0009-0009-9522-8588
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-0157-188X
https://orcid.org/0000-0001-6346-8872
https://orcid.org/0000-0002-1630-0986
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0009-0001-4723-095X
https://orcid.org/0000-0001-7647-7110
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0009-0004-9621-1028
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


22Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
23School of Physics, University College Dublin, Dublin, Ireland

24INFN Sezione di Bari, Bari, Italy
25INFN Sezione di Bologna, Bologna, Italy
26INFN Sezione di Ferrara, Ferrara, Italy
27INFN Sezione di Firenze, Firenze, Italy

28INFN Laboratori Nazionali di Frascati, Frascati, Italy
29INFN Sezione di Genova, Genova, Italy
30INFN Sezione di Milano, Milano, Italy

31INFN Sezione di Milano-Bicocca, Milano, Italy
32INFN Sezione di Cagliari, Monserrato, Italy

33INFN Sezione di Padova, Padova, Italy
34INFN Sezione di Perugia, Perugia, Italy

35INFN Sezione di Pisa, Pisa, Italy
36INFN Sezione di Roma La Sapienza, Roma, Italy
37INFN Sezione di Roma Tor Vergata, Roma, Italy

38Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
39Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands

40AGH—University of Krakow, Faculty of Physics and Applied Computer Science, Kraków, Poland
41Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland

42National Center for Nuclear Research (NCBJ), Warsaw, Poland
43Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

44Authors affiliated with an institute formerly covered by a cooperation agreement with CERN
45Universidade da Coruña, A Coruña, Spain

46ICCUB, Universitat de Barcelona, Barcelona, Spain
47La Salle, Universitat Ramon Llull, Barcelona, Spain

48Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain

49Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia—CSIC, Valencia, Spain
50European Organization for Nuclear Research (CERN), Geneva, Switzerland

51Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
52Physik-Institut, Universität Zürich, Zürich, Switzerland

53NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine
54Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine
55School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

56H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
57Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

58Department of Physics, University of Warwick, Coventry, United Kingdom
59STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

60School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
61School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

62Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
63Imperial College London, London, United Kingdom

64Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
65Department of Physics, University of Oxford, Oxford, United Kingdom
66Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

67University of Cincinnati, Cincinnati, Ohio, USA
68University of Maryland, College Park, Maryland, USA

69Los Alamos National Laboratory (LANL), Los Alamos, New Mexico, USA
70Syracuse University, Syracuse, New York, USA

71Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil (associated with
Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil)

72Universidad Andres Bello, Santiago, Chile (associated with Physik-Institut, Universität Zürich,
Zürich, Switzerland)

73School of Physics and Electronics, Hunan University, Changsha City, China (associated with Institute of
Particle Physics, Central China Normal University, Wuhan, Hubei, China)

74Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of
Quantum Matter, Institute of Quantum Matter, South China Normal University, Guangzhou, China

(associated with Department of Engineering Physics, Tsinghua University, Beijing, China)

R. AAIJ et al. PHYS. REV. D 113, 072001 (2026)

072001-12



75Lanzhou University, Lanzhou, China (associated with Institute of High Energy Physics (IHEP),
Beijing, China)

76School of Physics and Technology, Wuhan University, Wuhan, China
(associated with Department of Engineering Physics, Tsinghua University, Beijing, China)

77Henan Normal University, Xinxiang, China (associated with Institute of Particle Physics, Central China
Normal University, Wuhan, Hubei, China)

78Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia (associated with
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kAlso at Università degli Studi di Milano, Milano, Italy.
lAlso at Center for High Energy Physics, Tsinghua University, Beijing, China.
mAlso at Universidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras.
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