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Search for K0
SðLÞ → μ+ μ− μ+ μ− decays at LHCb

R. Aaij et al.*

(LHCb Collaboration)

(Received 22 December 2022; accepted 23 January 2023; published 3 August 2023)

A search forK0
SðLÞ → μþμ−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
5.1 fb−1. No evidence for signal is found. The 90% confidence level upper limits are the first set for both
decays and are BðK0

S → μþμ−μþμ−Þ < 5.1 × 10−12 and BðK0
L → μþμ−μþμ−Þ < 2.3 × 10−9.

DOI: 10.1103/PhysRevD.108.L031102

I. INTRODUCTION

The K0
S → μþμ−μþμ− decay is a flavor-changing neutral

current process that has not yet been observed. In the
Standard Model (SM), its decay rate is highly suppressed,
with an expected branching fraction [1]

BðK0
S → μþμ−μþμ−ÞSM ∼ ð1 − 4Þ × 10−14: ð1Þ

The related channel K0
L → μþμ−μþμ− is predicted in the

SM [1] to occur at a higher rate

BðK0
L → μþμ−μþμ−ÞSM ∼ ð4 − 9Þ × 10−13: ð2Þ

However, since the expected LHCb acceptance for K0
L

decays is ∼2 × 10−3 times smaller than the K0
S one [2], the

SM K0
L → μþμ−μþμ− yield expected in the experiment is

small compared to that of the K0
S decay.

Physics beyond the SM (BSM) can lead to large
enhancements of BðK0

S → μþμ−μþμ−Þ with respect to
the SM prediction. For instance, proposed dark-sector
scenarios can enhance the branching fractions by up to
∼2 × 10−12 [3,4]. To date, no direct experimental search
of these decays has been performed. This paper focuses
primarily on a search for the K0

S → μþμ−μþμ− decay, but
results for both the K0

S → μþμ−μþμ− and K0
L → μþμ−μþμ−

decays are presented.
In this analysis, proton-proton (pp) collision data

collected by the LHCb experiment during 2016–2018 at
a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.1 fb−1, are used. The data

analysis largely follows the strategy of the K0
S → μþμ−

analyses by the LHCb Collaboration [5,6]. Following
those, BðK0

S → μþμ−μþμ−Þ and BðK0
L → μþμ−μþμ−Þ are

measured relative to BðK0
S → πþπ−Þ.

II. LHCb DETECTOR AND TRIGGER

The LHCb detector [7,8] 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 [9], 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 [10] 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 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 [11]. Photons, electrons and hadrons are identi-
fied by a calorimeter system consisting of a scintillating pad
and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers [12]. In addition, information from the tracking
system, the calorimeter system and the RICH detectors is
used to further improve the muon identification. The LHCb
detector accumulated data in two data-taking periods;
Run 1 (2011–2012) and Run 2 (2015–2018).
Events are first filtered by a hardware trigger, known

as L0 [13], which uses information from the calorimeter
and the muon system to select pT signatures above a few
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GeV=c. Subsequently, a full event reconstruction is applied
in the high-level trigger (HLT), which runs in two separate
steps (HLT1 and HLT2). In analyses of kaon decays to
muons using data recorded prior to 2016, the search was
limited by a requirement of at least one muon with pT
above 1.8 GeV=c at HLT1. In 2016, a new reconstruction
algorithm allowed the muon pT threshold requirement in
the HLT to be reduced to 80 MeV=c [14]. In addition, a
dedicated set of software trigger selections was developed
for the HLT1 stage [15]. This increased the trigger
efficiency for selecting strange hadrons decaying into
muons by an order of magnitude with respect to the
LHCb Run 1 data sample [15].
Given its large branching fraction [16], the K0

S → πþπ−

decay is used as the normalization mode in this search. The
use of this normalization mode cancels part of the sys-
tematic uncertainties from signal detection efficiency,
and does not require knowledge of the absolute kaon
production cross section and integrated luminosity. The
K0

S → πþπ− candidates are reconstructed from trigger-
unbiased data selected by a quasirandom trigger with
minimal requirements ensuring some event activity. The
K0

S candidates from both the signal and the normalization
channel are required to come from the PV. Simulation is
used to model the effects of the detector acceptance and
selection requirements. In the simulation, pp collisions
are generated using PYTHIA 8 [17,18] with a specific
LHCb configuration [19]. Decays of unstable particles
are described by EvtGen [20], in which final-state radiation
is generated using PHOTOS [21]. The interaction of the
generated particles with the detector, and its response, are
implemented using the Geant4 toolkit [22,23] as described
in Ref. [24].

III. STRATEGY

This measurement benefits from both the large prompt
K0

S and K0
L production cross sections at the LHC (with

cross sections times multiplicity of order 0.3 barn each [2]),
as well as the forward production of kaons which fall
within the LHCb detector acceptance. Candidates of
K0

S → μþμ−μþμ− decays are reconstructed from two pairs
of muons with opposite charges, forming a sufficiently
detached secondary vertex with an invariant mass lower
than 600 MeV=c2. A blinding procedure is followed.
Selected candidates in the four-muon invariant-mass
region 490 MeV=c2 < m4μ < 510 MeV=c2, which, esti-
mated from simulation, contains ≈97% of the signal, are
removed from the data sample until the analysis procedure
is finalized. The four-muon mass resolution is approxi-
mately 4 MeV=c2.
The data sample is split according to the L0 hardware

trigger decision; a category where an object in the event
other than the muons from the K0

S → μþμ−μþμ− candidate
fires L0 (triggered independently of signal, TIS), and a

category where the muons from K0
S → μþμ−μþμ− candi-

dates satisfy muon-related L0 requirements (exclusively
triggered on signal, xTOS) [25]. At the HLT stage, the
trigger decision must be caused by one of the signal muon
candidates. The analysis is performed separately on two
independent datasets, labeled TIS and xTOS in reference to
the L0 decision, hereafter referred to as trigger categories.
Each category comprises roughly 50% of the signal
candidates. Since decays occurring inside the VELO can
be reconstructed with better invariant-mass resolution than
decays outside the VELO, and because the trigger relies on
tracks with hits within the VELO and downstream tracking
stations, only decays occurring inside the VELO are
considered in this analysis. The LHCb decay-time accep-
tance is such that it makes K0

L → μþμ−μþμ− and K0
S →

μþμ−μþμ− decays difficult to differentiate [2]. For this
reason, K0

L → μþμ−μþμ− decays are neglected when set-
ting an upper limit on BðK0

S → μþμ−μþμ−Þ and vice versa.
This approach yields conservative upper limits in the
presence of signal. If a signal were to be observed, it
would be identified as K0

SðLÞ → μþμ−μþμ−, without speci-
fying the K0 mass eigenstate.

IV. SIGNAL SELECTION

Several selection requirements are applied to the signal
candidate events to further reduce background contribu-
tions. These include requirements on the track quality, track
χ2IP (defined as the difference in the vertex-fit χ2 of a given
PV reconstructed with and without the track being con-
sidered), and particle identification (PID) of the muons.
The K0

S → πþπ− candidates are also selected using track
quality, χ2IP, and PID requirements, in addition to a require-
ment on the variables from the Armenteros-Podolanski
plane [26] to reduce contributions from Λ → pπ− decays.
The dominant background source in the signal channel

arises from random combinations of tracks originating near
a pp interaction region or from inelastic interactions with
the detector material. Potential peaking background con-
tributions from K0 → πþπ−μþμ−, K0 → μþμ−eþe−, and
K0 → πþπ−eþe− decays are studied using simulation
and are found to be negligible. A boosted decision tree
(BDT) [27,28] classifier implemented in the TMVA
toolkit [29,30] is used to further separate signal from
combinatorial background. One BDT per trigger category
(TIS and xTOS) is trained. The discriminating variables
included in the BDTs are

(i) the significance of the distance from the candidate
decay vertex to any VELO element or the RF-foil [31],
to eliminate background from material interactions;

(ii) the smallest IP of each of the four muon candidates
with respect to any of the PVs reconstructed in the
event, to eliminate background from final state
tracks originating close to the pp interaction point;
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(iii) the smallest IP of theK0
S candidates to any of the PVs

reconstructed in the event, to discriminate against
background that does not point to a primary vertex;

(iv) the transverse displacement of the K0
S candidate

decay vertex from the beam line, to eliminate back-
ground from tracks close to the pp interaction point;

(v) the maximum distance of closest approach between
the four final-state tracks, which is expected to be
larger for background from random combinations of
tracks; and

(vi) and the minimum angle between each pair of muons,
which significantly reduces background contribu-
tions with at least two VELO tracks sharing hits.

The BDT is trained with simulated K0
S → μþμ−μþμ−

decays as a proxy for signal, and K0
S → μþμ−μþμ−

candidates from the invariant-mass sidebands in data,
which cover 450 MeV=c2 < m4μ < 490 MeV=c2 and
510 MeV=c2 < m4μ < 600 MeV=c2, as a proxy for back-
ground. The samples are randomly split into two subsam-
ples for cross-validation [32], to ensure that the BDT
applied to a candidate is always trained on events that
are independent of the candidate.
The BDT requirement is optimized for the best expected

limit at a 90% confidence level using simulated pseudoex-
periments. The signal efficiency of the BDT requirement is
approximately 80% while retaining less than one per mille
of the background candidates. After the BDT selection
requirement, in the case of multiple candidates per event, a
single candidate, randomly chosen, is retained.

V. NORMALIZATION AND INVARIANT-MASS FIT

The signal yield, NK0
S→μþμ−μþμ− , is translated to a branch-

ing fraction via a normalization to K0
S → πþπ− decays, as

BðK0
S → μþμ−μþμ−Þ≡ αNK0

S→μþμ−μþμ− : ð3Þ

The normalization factor α, or single event sensitivity,1 is
calculated as

α ¼ BðK0
S → πþπ−Þ ×

εK0
S→πþπ− × sMB

NMB
K0

S→πþπ− × εK0
S→μþμ−μþμ−

; ð4Þ

where εK0
S→πþπ−ðεK0

S→μþμ−μþμ−Þ represents the product of the
reconstruction, trigger and selection efficiency of K0

S →
πþπ− (K0

S → μþμ−μþμ−) candidates. The observed number
of K0

S → πþπ− decays is NMB
K0

S→πþπ− , BðK0
S → πþπ−Þ is the

branching fraction of the normalization channel, fixed to
ð69.20� 0.05Þ% [16], and sMB is the prescale factor of the
minimum bias trigger averaged over the different data files
weighted by integrated luminosity.

The observed number of K0
S → πþπ− decays, NMB

K0
S→πþπ− ,

is estimated as the number of candidates in the mass range
400 < mπþπ− < 600 MeV=c2, without a fit to the invariant-
mass distribution. The background is neglected due to the
high purity obtained after applying the same track quality
requirements as in the signal channel, as well as require-
ments on the transverse displacement of the K0

S decay
vertex from the beam line and the distance of the K0

S decay
vertex from any detector material. Figure 1 shows the
invariant-mass distribution of the K0

S → πþπ− candidates
satisfying these requirements.
The efficiencies are factorized as

ε ¼ εRECεSEL=RECεTRIG=SEL; ð5Þ
where εREC is the reconstruction efficiency (∼0.4% for
K0

S → μþμ−μþμ− decays) including acceptance effects,
εSEL=REC is the efficiency of selecting the reconstructed
signal candidates, including the BDT and PID cuts (∼38%
for K0

S → μþμ−μþμ− decays) and εTRIG=SEL is the trigger
efficiency for events that would have been otherwise
selected for offline analysis (∼20% for K0

S → μþμ−μþμ−

decays). The efficiencies are calculated using simulated
events with corrections derived from K0

S → πþπ− decays in
data. Tracking efficiencies are obtained from J=ψ → μþμ−

in data and K0
S → πþπ− decays using a tag-and-probe

method [33].
Similarly, PID efficiencies are obtained using calibration

samples of low-momentum muons from J=ψ → μþμ−
decays collected at the same time as the data used for
the analysis, and divided into six samples according to
different data-taking conditions. The trigger efficiencies
obtained in simulation are validated with misidentified

K0 → π�μ∓ ν
ð−Þ

μ decays, as done in Ref. [34].
The signal yield NK0

S→μþμ−μþμ− is obtained from a
maximum-likelihood fit to the four-muon invariant-mass
distributions of the signal candidates in the two trigger
categories. The invariant-mass distributions of background
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FIG. 1. Invariant-mass distribution for the K0
S → πþπ− selected

candidates in the full dataset. The background level is estimated
to be at the 1% level or below.

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

signal event seen in the data sample.
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events in the signal channel is assumed to be an exponential
function. This assumption is validated using background
events with lower values of the BDT output. The K0

S →
μþμ−μþμ− signal invariant-mass shape is parameterized
using a Hypatia distribution [35]. The parameter values of
the signal distribution are obtained from simulated events
with corrections obtained from K0

S → πþπ− decays in data,
following Ref. [34].

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are incorporated as
Gaussian constraints to the fit of the signal-candidate mass
distribution. For convenience, systematic sources are sep-
arated into those acting independently on each trigger
category and those affecting the overall normalization.
Table I shows the main systematic uncertainties determined
for this analysis. The different sources of systematic
uncertainties are summarized as follows:

(i) The uncertainty on the branching fraction
BðK0

S → πþπ−Þ ¼ ð69.20� 0.05Þ% induces a 0.07%
uncertainty on the normalization.

(ii) The uncertainty on the average minimum bias
prescale factor sMB is 0.3%.

(iii) A 1% systematic accounts for small changes
throughout the Run 2 data taking. These are mostly
due to changes in the trigger settings, and were
determined by comparing the yields of misidentified

triggered K0 → π�μ∓ ν
ð−Þ

μ decays with K0
S → πþπ−

decays from the minimum bias data.
(iv) To account for residual differences between data

and simulation, the efficiency ratio is recomputed
with and without simulation corrections to the kaon
momenta and track quality parameters. Half of the
correction is taken as a systematic uncertainty (4.4%).

(v) The systematic uncertainty on the K0
S → πþπ− yield

is evaluated by comparing the yield obtained from a
fit to the πþπ− invariant mass with floating back-
ground components, with the default yield, which
neglects the background contribution since the

sample has very high purity. This effect is found
to be less than 1%.

(vi) The uncertainty is assigned as the difference be-
tween the maximum and minimum values of the six
correction factors for the PID mentioned above.

(vii) A systematic uncertainty associated to differences
between data and simulation in the track
reconstruction efficiency is determined using control
channels from data.

(viii) Potential differences in the trigger efficiencies be-
tween data and simulation are a source for system-
atic uncertainties. The L0 and HLT efficiencies for
the K0

S → μþμ−μþμ− signal are determined using

misidentified K0 → π� ν
ð−Þ

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

following Ref. [36]. The K0 → π�μ∓ ν
ð−Þ

sample at
LHCb is composed of K0

S and K0
L in similar

amounts, due to a compensation between the differ-
ent branching fractions [37–39], and the different
reconstruction efficiency caused by the decay-time
acceptance. The decay-time acceptance also results
in similar decay-time distributions for the recon-
structed K0

L and K0
S decays.

In addition, a systematic uncertainty of 1.4% is added to
the relative efficiency betweenK0

S → μþμ−μþμ− andK0
L →

μþμ−μþμ− decays, when measuring BðK0
L → μþμ−μþμ−Þ.

This systematic uncertainty covers the difference of the
efficiency ratio across the data-taking period as well as the
uncertainties from the simulated sample size. The systematic
uncertainties from signal and background invariant-mass
models are negligible for the current level of precision.

VII. RESULTS

The number of K0
S → πþπ− decays in the dataset cor-

rected by the sMB prescale factor is ð3.96� 0.04Þ × 1012.
The efficiency ratio εK0

S→πþπ−=εK0
S→μþμ−μþμ− is 27.0� 4.3

(21.6� 5.3) for the TIS (xTOS) category. The obtained
normalization factors are αTIS ¼ ð4.7� 0.8Þ × 10−12 and
αxTOS ¼ ð3.8� 0.9Þ × 10−12. The combined single-event
sensitivity is α ≈ 2.10 × 10−12. These values assume that
the muons are distributed uniformly in phase space forK0

S →
μþμ−μþμ− decays. Nevertheless, the efficiency is nearly
uniform as a function of the muon helicity angles and for
most of the dimuon invariant masses, except near the
kinematic thresholds. Thus, the results are valid for a wide
range of BSM models unless the dimuons originate from a
new resonance with an invariant mass close to half of the K0

S
mass or very close to twice the muon mass. The former
strengthens the limit while the latter weakens it. The result
also assumes that the muons are produced at the K0 decay
vertex.

TABLE I. Summary of systematic uncertainties.

Source Relative effect (%)

BðK0
S → πþπ−Þ 0.07

sMB 0.30
Variations in data taking 1
Data/simulation differences 4.40
K0

S → πþπ− yield 1
PID 3.30
Tracking 1.20
εL0 10 (TIS), 21 (xTOS)
εHLT=L0 11

Total 16 (TIS), 24 (xTOS)
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The invariant-mass distributions of the selected candi-
date events are shown in Fig. 2. No events are observed in
the signal mass window 490–510 MeV=c2, for both the
xTOS and TIS samples. Integrating the profile likelihood
from the positive side of the branching fraction, the upper
limits at 90% CL are found to be

BðK0
S → μþμ−μþμ−Þ < 5.1 × 10−12;

BðK0
L → μþμ−μþμ−Þ < 2.3 × 10−9;

which coincide with the upper limits expected in absence of
signal.
While the data used to produce the results here were

collected using a 1 MHz hardware trigger, the upgraded
LHCb detector fully reconstructs events at the LHC
inelastic event rate of 30 MHz [40]. This will increase
the trigger efficiency of the K0

S → μþμ−μþμ− events by
about a factor five [40], giving the possibility to reach
sensitivities at the SM level, BðK0

S → μþμ−μþμ−Þ∼
ð1 − 4Þ × 10−14, with 300 fb−1 of integrated luminosity.

VIII. CONCLUSIONS

A search for K0
SðLÞ → μþμ−μþμ− has been performed

analyzing 5.1 fb−1 of LHCb data recorded from 2016 to
2018. No signal is observed. The obtained upper limits are the
first reported for the K0

SðLÞ → μþμ−μþμ− decay modes. The

observed values are close to the maximum values allowed in
the dark photon models [3] and indicate very good prospects
for the LHCb upgrade, which could achieve sensitivities at
the level of the SM prediction for BðK0

S → μþμ−μþμ−Þ using
300 fb−1 of integrated luminosity.
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S → μþμ−μþμ− signal for the branching fraction excluded at 90% CL is shown with a dotted red line.
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8Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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