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A search for the decay K0
S → μþμ− is performed using proton-proton collision data, corresponding to an

integrated luminosity of 5.6 fb−1 and collected with the LHCb experiment during 2016, 2017, and 2018 at
a center-of-mass energy of 13 TeV. The observed signal yield is consistent with zero, yielding an upper
limit of BðK0

S → μþμ−Þ < 2.2 × 10−10 at 90% C.L.. The limit reduces to BðK0
S → μþμ−Þ < 2.1 × 10−10 at

90% C.L. once combined with the result from data taken in 2011 and 2012.

DOI: 10.1103/PhysRevLett.125.231801

The decayK0
S → μþμ− is a flavor-changing neutral current

(FCNC) process which has not been observed yet. In the
standard model (SM), this decay is highly suppressed [1,2],
with an expected branching fraction BðK0

S→μþμ−ÞSM¼
ð5.18�1.50LD�0.02SDÞ×10−12 [3]. The uncertainties with
subscripts LD and SD relate to long-distance and short-
distance effects, respectively. The main contributions to the
K0

S → μþμ− decay amplitude are illustrated in Fig. 1.
The related channel K0

L → μþμ− is predicted in the SM
to occur with a branching fraction BðK0

L → μþμ−ÞSM ¼
ð6.85� 0.80LD � 0.06SDÞ × 10−9 or BðK0

L→μþμ−ÞSM¼
ð8.11�1.49LD�0.13SDÞ×10−9 for an (unknown) positive
or a negative relative sign of the K0

L → γγ amplitude [4],
respectively. These predictions are in good agreement with the
experimental world average BðK0

L → μþμ−Þ ¼ ð6.84�
0.11Þ × 10−9 [5], based on Refs. [6–8]. Both the K0

S and
the K0

L decay amplitudes are dominated by LD contributions
in the SM. The large difference between the two branching
fractions is due to the S-wave component, which is charge-
parity (CP) violating and CP conserving for the K0

S and K0
L

modes, respectively. In theK0
S case, the CP -conserving long-

distance contribution can only proceed through the P wave,
and the CP -violating short distance component in the SM is
even more suppressed.
Because of the strong suppression of the SM decay

amplitude, dynamics beyond the standard model (BSM)
can induce large deviations of BðK0

S → μþμ−Þ with respect
to the SM prediction. This has been shown to be the case in
SUSY scenarios [9] as well as in leptoquark models
[10,11]. The current best limit, BðK0

S → μþμ−Þ < 0.8 ×

10−9 at 90% confidence level (C.L.), was set by LHCb [12]
with the data collected during Run 1 (2011–2012).
In this Letter, a significantly improved limit is presented.

Results are based on proton-proton (pp) collision data
collected with the LHCb detector at a center-of-mass
energy of 13 TeV during 2016, 2017, and 2018 (Run 2),
corresponding to an integrated luminosity of 5.6 fb−1. This
measurement benefits from the huge K0

S production cross
section at the LHC of approximately 0.6 b at a center-of-
mass energy of 13 TeV [13], and from the forward
geometry of the vertex detector of LHCb since K0

S mesons
are predominantly produced at low angles with respect to
the beam pipe. A major improvement with respect to the
previous analysis is achieved by employing dedicated
software triggers that were not present in Run 1. These
new triggers were included from the start of 2016 data
taking, so data from 2015 is not used, due to a lower trigger
efficiency and integrated luminosity. While the analysis
strategy closely follows what was done for Run 1, the event
reconstruction and selection have been improved.
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 includes a high-precision tracking
system consisting of a silicon-strip vertex detector (VELO)
surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the
momentum, p, of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV=c. The minimum distance of a track to a proton-
proton collision vertex (PV), the impact parameter (IP), is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the beam
axis, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. Photons, electrons, and
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hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromag-
netic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers. 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 required to pass a hardware-trigger

selection [16], based on information from the calorimeter
and the muon system, relying on high-pT signatures.
Subsequently, a full event reconstruction is applied in
a two-step software selection. In the previous analysis,
the search was limited by a muon pT threshold
of approximately 1.8 GeV=c. In Run 2, a new track-
ing method was included, in order to improve the
reconstruction of muons with low transverse momentum.
By using the information from the muon chambers at early
stages in the reconstruction chain, a drastic reduction of the
number of tracks to be processed by the most time-
consuming reconstruction algorithms is achieved. This
new reconstruction method allows the reduction of the
pT muon threshold to 80 MeV=c. In addition, a dedicated
software trigger selection was developed, using the afore-
mentioned reconstruction method, fully covering the
dimuon invariant mass spectra of many strange decays,
including K0

S → μþμ−. This translates into an increase of
the trigger efficiency for K0

S → μþμ− of about an order of
magnitude with respect to Run 1 [17]. After the upgrade of
the LHCb detector [18], the hardware trigger will no longer
be present, allowing for further efficiency improvements.
The purity of the signal candidates and the evaluation of

the systematic uncertainties depend on the hardware trigger
requirements, so the full data sample is divided into two
categories. In the first category, referred to as triggered-
independent-of-signal (TIS), events are triggered at the
hardware stage independently of the trigger decision on the
decay products of the signal candidate. The second cat-
egory, referred to as exclusively triggered on signal
(XTOS), consists of events triggered at the hardware stage
by the signal candidate decay products that are not
contained in the TIS category [19]. Both categories are
required to fulfill the same software trigger requirements.

The measurement of the K0
S → μþμ− branching fraction

requires the normalization to theK0
S meson production rate,

which is done using K0
S → πþπ− decays, given its abun-

dance, its similar topology to K0
S → μþμ−, and its

well-known branching fraction [5]. Common off-line
preselection criteria are applied to K0

S → μþμ− and K0
S →

πþπ− candidates in order to reduce many systematic
effects in the efficiency ratio. Candidate K0

S → μþμ−
(K0

S → πþπ−) decays are obtained from two tracks with
opposite charge identified as muons (pions), forming a
secondary vertex (SV) and with an invariant mass in the
range 400–600 MeV=c2. Kaon candidates are required to
decay inside the VELO, where the best K0

S invariant mass
resolution is achieved. Approximately 22% of K0

S mesons
produced at the pp interaction point decay within the
acceptance of the VELO. The K0

S candidate origin must
be compatible with a PV, while its decay products should be
inconsistent with originating from any PV. The SV must be
well detached from the PV by requiring the K0

S candidate
decay time to be larger than 6% of the known K0

S lifetime
[5]. Decays of Λ baryons to pπ−, and the charge-conjugate
counterpart, are suppressed by removing candidates close
to the expected elliptical kinematic regions in the
Armenteros-Podolanski plane [20] (The inclusion of
charge-conjugate processes is implied throughout this
Letter, unless otherwise noted.). The corresponding loss
in signal efficiency is negligible. Muon tracks are required
to have associated hits in the muon system [21], while pions
from K0

S → πþπ− decays are required to be within the
muon system acceptance. The main background sources
are random combinations of tracks, inelastic interactions
with the detector material, and K0

S → πþπ− decays, where
the two pions are misidentified as muons. In doubly
misidentified K0

S → πþπ− decays, the invariant mass of
the kaon candidate is underestimated on average by
40 MeV=c2, corresponding to ten times the dimuon invari-
ant mass resolution in this energy regime.
Background from material interactions and random

combinations of tracks is suppressed using two adaptive
boosted decision tree (BDT) [22,23] algorithms based on
the XGBoost library [24] and optimized for each trigger
category. SimulatedK0

S → μþμ− decays are used as a proxy

FIG. 1. Diagrams representing SM contributions to the K0
S → μþμ− decay amplitude: (top) long-distance contribution, generated by

two intermediate photons, and (bottom) short-distance contributions.
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for signal, and K0
S → μþμ− candidates from data in the

dimuon invariant mass region above 520 MeV=c2 as a
proxy for background. Data from the left sideband are not
considered since it is dominated by doubly misidentified
K0

S → πþπ− decays. Before the BDT training, the simu-
lated K0

S → μþμ− candidates are weighted using a gradient
boost algorithm [25] trained withK0

S → πþπ− candidates in
simulation and data, to take into account small differences
between data and simulation. Since the background can-
didates used in the training are part of the fitted sample, the
k-folding approach [26] is applied to maximize the sample
available without biasing the background estimate. The
BDT input variables are the kaon candidate decay time and
IP significance (χ2IP), defined as the increase of the χ

2 of the
PVwhen considering the kaon candidate in the vertex fit; the
χ2IP and the track-fit χ

2 of each of the two tracks; the distance
of closest approach between the two tracks; the cosine of the
helicity angle; the χ2 of the SV fit; two SV isolation
variables, defined as the difference in the χ2 in the vertex
fitwith only the two final-state tracks and that obtainedwhen
adding the one or two nearest tracks; and a VELO material
veto variable [27]. The VELO material veto variable
efficiently suppresses background originating from inelastic
interactions with the VELO stations and radio-frequency
foil which separates the VELO modules from the beam
vacuum [28]. A selection requirement is placed on the BDT,
rejecting 99% of the background with a signal efficiency of
approximately 63% for both trigger categories.
Another significant background source is K0

L → μþμ−

decays, for which the LHCb detector has the efficiency
suppressed by a factor of approximately 2.3 × 10−3

relative to K0
S → μþμ− decays due to its longer lifetime.

Interference between K0
S and K0

L mesons is neglected since
K0 and K0 mesons are expected to be produced in equal
amounts [3] at the LHC. Contributions from other back-
ground sources, such as K0 → μþμ−γðγÞ, Σþ → pμþμ−,
K0;þ → π0;þμþμ−, Λ → pπ−, ω → π0μþμ−, η → μþμ−γ,
as well as from K0

L → π�μ∓νμ and K0
S → π�μ∓νμ decays,

the latter recently discovered by the KLOE-2 Collaboration
[29], are found to be negligible.
Candidates satisfying the preselection criteria are divided

into twenty subsets: ten bins of the BDT response for each of
the two trigger categories. The BDT bins are chosen to have
the same fraction of simulated signal candidates in each bin.
A dedicated muon identification boosted decision tree
(μBDT) is used to suppress K0

S → πþπ− decays, whose
performance can be consulted in Ref. [12]. The selection
criterion on the μBDT is optimized and applied independ-
ently for each of the twenty categories. The response of the
muon identification is calibrated using J=ψ → μþμ− decays,
complemented with the use of K0 → π−μþνμ decays due to
the lower transverse momentum of the decay products.
The K0

S → μþμ− branching fraction is determined in an
unbinned maximum-likelihood fit to the kaon candidate
invariant mass in the range 480–595 MeV=c2. Taking into

account the ratio of detection efficiencies, the signal yield is
normalized to K0

S → πþπ− decays to cancel uncertainties
due to the K0

S cross section, luminosity, reconstruction, and
partially due to selection criteria including the BDT
binning. The fit is performed simultaneously in the twenty
data categories. The contributions considered are K0

S →
μþμ− signal, modeled with a Hypatia distribution [30];
background from material interactions and random combi-
nation of tracks, described by an exponential function; the
K0

S → πþπ− background, modeled with a power law
distribution; and K0

L → μþμ−, described with the same
probability density function as the K0

S → μþμ− decay. All
yields are free to vary in the fit. Because of the low level of
background from material interactions and random combi-
nation of tracks, the slope of the exponential function is left
to change sign when constructing the profile likelihood. A
Gaussian constraint is applied to the yield of the K0

L →
μþμ− component, based on its known branching fraction
[5] and on the efficiency ratios between K0

L → μþμ− and
K0

S → μþμ−. Additional Gaussian constraints are applied to
the efficiency ratios between K0

S → μþμ− and K0
S → πþπ−,

accounting for the systematic uncertainties. An indepen-
dent sample of K0

S → πþπ− decays obtained from a trigger-
unbiased sample is used to calibrate the K0

S invariant mass
peak position and resolution parameters (see Fig. 2). It is
also used to correct the simulation to obtain the efficiencies
of the signal and the normalization channel.
The yield ofK0 → π−μþνμ decays as a function of the data

taking period is also used to evaluate the variation of the total
efficiency with time, mostly caused by changes in the
thresholds of the hardware trigger. The obtained single-event
sensitivity is ð3.0� 0.6Þ × 10−12, meaning that approxi-
mately two K0

S → μþμ− and five K0
L → μþμ− signal decays

are expected to be present in the dataset, using the SM
prediction for the branching fractions, and also taking into
account theK0

L → μþμ− detection suppression of 2.3 × 10−3.

FIG. 2. Invariant-mass distribution of K0
S → πþπ− candidates

in 2016 trigger-unbiased data (points with error bars) and
corrected simulation (solid histogram). The histogram of simu-
lated candidates is normalized to data.
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Various sources of systematic uncertainty are taken into
account. The main sources are the determination of the
trigger efficiency, yielding a systematic uncertainty of 11%
for the hardware trigger and 13% for the software trigger;
data-simulation differences in the muon identification, with
systematic uncertainties varying between 4% and 12%,
depending on the trigger category and BDT bin; and the
correction applied on simulation, evaluated to be 6%. Other
sources, like the efficiency ratio between the signal and
normalization modes, the BDT response due to changes in
the experimental conditions, and the uncertainty on theK0

S →
πþπ− branching fraction are found to be smaller than 5%.
The total systematic uncertainty is between 19% and 23%,
depending on the trigger category and the BDT bin. It tends
to be lower in the TIS trigger category and higher in lower
BDT bins, which have lower signal-to-background ratio, due
to the stronger muon identification requirements for the lower
bins and the bigger systematic uncertainty for the XTOS)
trigger efficiency. The systematic uncertainties are taken into
account as Gaussian constraints in the fit to the data.
The expected significance for a SM signal is 0.1σ, and the

expected upper limit is evaluated to be 1.2ð1.5Þ × 10−10 at
90% (95)% C.L.. The fit shows no evidence forK0

S → μþμ−
decays (see Fig. 3), with a total yield of 34� 23 signal
candidates. The signal yield is consistent with zero for all the
BDT bins of the two trigger categories. The significance
with respect to the background-only hypothesis is 1.5σ (1.4σ
when combined with Run 1 data). An upper limit on
the branching fraction is obtained by integrating the profile

likelihood multiplied by a flat prior in the positive
branching fraction domain, yielding 2.2ð2.6Þ×10−10 at
90% (95)% C.L.. The likelihood is combined with the
Run 1 result, obtaining a limit of 2.1ð2.4Þ × 10−10 at 90%
(95)% C.L.. A log-likelihood interval of one standard
deviation (−2ΔlogL¼1) from the Run 2 data set yields
BðK0

S→μþμ−Þ¼1.0þ0.8
−0.7×10

−10. Combined with Run 1 it
yields BðK0

S → μþμ−Þ ¼ 0.9þ0.7
−0.6 × 10−10. The profile like-

lihoods are shown in Fig. 4.
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FIG. 3. Projection of the fit to the dimuon invariantmass distribution for the (top left) TIS and (bottom left) XTOS) trigger categories. The
plots on the right correspond to the projection of the fit in theBDTbinswith the highest signal-to-background ratio for the (top right) TIS and
(bottom right) XTOS) trigger categories. The dashed orange line shows the signal contribution, the dotted green line the K0

L → μþμ−
contribution, the dash-dotted red line theK0

S → πþπ− contribution, the loosely dotted brown line the background from randomcombination
of tracks and material interactions, and the solid blue line the total probability density function. For clarity, empty bins are not shown.

FIG. 4. Evaluation of −2Δ logL, where L is the likelihood of
the fit model, as a function of BðK0

S → μþμ−Þ. The dotted orange
line corresponds to the Run 1 result, the dashed blue line to the
Run 2 result, and the solid green line shows the combination. The
two vertical lines show the location of the upper limit of
the combined result at 90% and 95% confidence level.
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In summary, a search for the rare decay K0
S → μþμ− has

been performed on a LHCb dataset of about 8.6 fb−1. The
obtained results supersede those of our previous publica-
tions [12,31]. The data are consistent both with the back-
ground-only hypothesis and the combined background and
SM signal expectation at the 1.4σ and 1.3σ level, respec-
tively. The most stringent upper limit on the K0

S → μþμ−
branching fraction to date of 2.1ð2.4Þ × 10−10 at 90 (95)%
confidence level is set, improving the previous best limit by
a factor of 4.
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13I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
14Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

15Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
16Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

17School of Physics, University College Dublin, Dublin, Ireland
18INFN Sezione di Bari, Bari, Italy

19INFN Sezione di Bologna, Bologna, Italy
20INFN Sezione di Ferrara, Ferrara, Italy
21INFN Sezione di Firenze, Firenze, Italy

PHYSICAL REVIEW LETTERS 125, 231801 (2020)

231801-8



22INFN Laboratori Nazionali di Frascati, Frascati, Italy
23INFN Sezione di Genova, Genova, Italy

24INFN Sezione di Milano-Bicocca, Milano, Italy
25INFN Sezione di Milano, Milano, Italy

26INFN Sezione di Cagliari, Monserrato, Italy
27INFN Sezione di Padova, Padova, Italy

28INFN Sezione di Pisa, Pisa, Italy
29INFN Sezione di Roma Tor Vergata, Roma, Italy
30INFN Sezione di Roma La Sapienza, Roma, Italy

31Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
32Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands

33Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
34AGH—University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland

35National Center for Nuclear Research (NCBJ), Warsaw, Poland
36Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

37Petersburg Nuclear Physics Institute NRC Kurchatov Institute (PNPI NRC KI), Gatchina, Russia
38Institute of Theoretical and Experimental Physics NRC Kurchatov Institute (ITEP NRC KI), Moscow, Russia

39Institute of Nuclear Physics, Moscow State University (SINP MSU), Moscow, Russia
40Institute for Nuclear Research of the Russian Academy of Sciences (INR RAS), Moscow, Russia

41Yandex School of Data Analysis, Moscow, Russia
42Budker Institute of Nuclear Physics (SB RAS), Novosibirsk, Russia

43Institute for High Energy Physics NRC Kurchatov Institute (IHEP NRC KI), Protvino, Russia, Protvino, Russia
44ICCUB, Universitat de Barcelona, Barcelona, Spain

45Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de Compostela, Spain
46Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia—CSIC, Valencia, Spain

47European Organization for Nuclear Research (CERN), Geneva, Switzerland
48Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

49Physik-Institut, Universität Zürich, Zürich, Switzerland
50NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine

51Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine
52University of Birmingham, Birmingham, United Kingdom

53H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
54Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

55Department of Physics, University of Warwick, Coventry, United Kingdom
56STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

57School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
58School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

59Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
60Imperial College London, London, United Kingdom

61Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
62Department of Physics, University of Oxford, Oxford, United Kingdom
63Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

64University of Cincinnati, Cincinnati, Ohio, USA
65University of Maryland, College Park, Maryland, USA

66Los Alamos National Laboratory (LANL), Los Alamos, USA
67Syracuse University, Syracuse, New York, USA

68Laboratory of Mathematical and Subatomic Physics, Constantine, Algeria
[associated with Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil]

69School of Physics and Astronomy, Monash University, Melbourne, Australia
(associated with Department of Physics, University of Warwick, Coventry, United Kingdom)

70Pontifícia 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]

71Guangdong Provencial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,
Guangzhou, China

(associated with Center for High Energy Physics, Tsinghua University, Beijing, China)
72School of Physics and Technology, Wuhan University, Wuhan, China

(associated with Center for High Energy Physics, Tsinghua University, Beijing, China)
73Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia
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