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The NA62 experiment at CERN collected a large sample of charged kaon decays into final states
with multiple charged particles in 2017-2018. Results from searches for lepton flavour and number
violating decays in 𝐾 + and 𝜋 0 to final states containing a lepton pair, based on this data set, are
presented, reaching sensitivities of O (10−11 − 10−10 ).
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1. Introduction

2. Analysis
Searches for LN and LF violation decays are performed following a blind analysis strategy.
The branching ratios for the signal decays are measured relative to the normalisation channel
2
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Lepton Number (LN) and Lepton Flavour number (LF) are conserved quantum number in the
Standard Model (SM), although their conservation is not imposed by any local gauge symmetry.
Searches for LN and LF violation are powerful probes to search for physics beyond the SM,
exploring high mass scales. Several new physics models build to address experimental observations
not explained by the SM, naturally introduce LN or LF violation. Examples are the see-saw
mechanism [1], which provides a source of LN violation via the exchange of a Majorana neutrino;
SM extensions with an additional U(1) gauge symmetry and an associated Z’ boson [2, 3], SM
extensions with light pseudoscalar bosons [4], or leptoquarks models [5] can be source of LF
violation. Previous limits, at 90% CL, on LN and LF violating 𝐾 + and 𝜋 0 decays are: 𝐾 + →
𝜋 − 𝜇+ 𝜇+ < 4.2 × 10−11 , 𝐾 + → 𝜋 − 𝑒 + 𝑒 + < 2.2 × 10−10 [6], 𝐾 + → 𝜋 − 𝜇+ 𝑒 + < 5.0 × 10−10 , 𝐾 + →
𝜋 + 𝜇− 𝑒 + < 5.2 × 10−11 [7], 𝐾 + → 𝜋 + 𝜇+ 𝑒 − < 1.3 × 10−11 [8], 𝜋 0 → 𝜇− 𝑒 + < 3.4 × 10−9 [7] and
𝜋 0 → 𝜇+ 𝑒 − < 3.8 × 10−10 [9].
In this work searches are presented for LN violation decay 𝐾 + → 𝜋 − 𝜇+ 𝑒 + (𝜋 − channel) and LF
violation decays 𝐾 + → 𝜋 + 𝜇− 𝑒 + (𝜇− channel) and 𝜋 0 → 𝜇− 𝑒 + . These searches have been performed
at the NA62 experiment at the CERN super proton syncrotron (SPS), using the data collected in
2017 and 2018.
The main goal of the experiment is the measurement of the 𝐾 + → 𝜋 + 𝜈 𝜈¯ branching ratio,
theoretically well predicted in the SM, 𝐵𝑟 𝑆 𝑀 = (8.3 ± 1) × 10−11 [10]. This is one of the golden
mode to search for new physics effects: any deviation from the SM branching ratio would be an
hint of new physics.
The NA62 beam line and detector are described in detail in [11]. The NA62 beam is produced
by the interaction of a 400 GeV/𝑐 proton beam, coming from the CERN SPS, with a beryllium target.
It is composed of positive charged particles of which 6% are kaons and it has a central momentum
of 75 GeV/c with a momentum bite of Δ𝑝/𝑝 = 1%. The kaons in the beam are identified by
a Cherenkov counter detector, KTAG. Before entering the vacuum region downstream, the kaon
momentum and direction are measured by the Gigatracker (GTK), composed of three silicon pixel
stations of 6×3 cm2 surface area exposed to the full beam rate. The momenta and directions of
charged particles produced in 𝐾 + decays in a 75 m long fiducial volume (FV) are measured by a
magnetic spectrometer (STRAW). Particle identification is provided by a ring-imaging Cherenkov
detector (RICH), a quasi-homogeneous liquid krypton electromagnetic calorimeter(LKr), hadronic
calorimeters (MUV1,2) and a muon detector (MUV3). Photons are detected by an hermetic photon
veto system covering angles up to 50 mrad from the beam axis, composed of twelve annular lead
glass detectors (LAV1–12), two lead/scintillator sampling calorimeters (IRC, SAC) close to the
beam axis and the LKr. The RICH provides a trigger time with 70 ps precision. Two scintillator
hodoscopes, NA48-CHOD and CHOD, each arranged in four quadrants, provide trigger signals and
time measurements for downstream charged particles with 200 ps and 800 ps precision, respectively.
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3. Trigger and data sample
The NA62 trigger system is composed of a hardware level (L0) and a software level (L1)
[12]. For the analyses reported here, three dedicated trigger chains are implemented to collect kaon
decays with multiple charged particles in the final state, running concurrently with the trigger chain
dedicated to the main goal of the experiment: the multi-track (MT), electron multi-track (eMT), and
muon multi-track (𝜇MT) triggers. The L0 MT trigger requires a signal in the RICH and coincident
signals in two opposite CHOD quadrants. The 𝜇MT select events with at least one muon in the final
state, requiring in addition to the MT condition that there is a signal in the MUV3 and a minimum
energy deposit of 10 GeV in the LKr (LKr10), while the eMT chain selects events enriched with
electrons, by additionally requiring a minimum energy deposit of 20 GeV in the LKr (LKr20).
Events collected by the L0 triggers are further filtered by a L1 trigger, selecting events with a 𝐾 +
identified by the KTAG within 5 ns of the trigger time and a negative track reconstructed in the
STRAW. For most of the data sample the L1 𝜇MT trigger also requires fewer than 3 signals in total
in LAV stations 2–11 within 6 ns of the trigger time. Tipical downscale factors for the MT, 𝜇MT,
and eMT trigger chains are: 𝐷 𝑀𝑇 = 100, 𝐷 𝜇𝑀𝑇 = 8, and 𝐷 𝑒𝑀𝑇 = 8.
Data collected with a minimum bias trigger, are used for particle identification and trigger
efficiency studies.
3
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𝐾 + → 𝜋 + 𝜋 + 𝜋 − (𝐾3 𝜋 ). A three-track final state selection is common to signals and nomalisation.
It requires three tracks reconstructed in the STRAW within the geometrical acceptance of the
downstream detectors used in the analysis, within 5 ns of the trigger time and forming a vertex of
total charge +1 with a longitudinal distance from the target 105 < Zvtx < 180 m. To ensure that the
event is associated to a kaon decay the vertex time, defined as the weighted mean of the track times,
is required to be within 3 ns of the time of the reconstructed 𝐾 + in the KTAG detector. Events with
LAV signals within 3 ns of the trigger time are rejected, providing a photon veto. The total vertex
three-momentum must have a magnitude within 2.5 GeV/c of the mean beam momentum, and the
transverse momentum with respect to the beam axis should be pT <35 MeV/c.
For the normalisation channel selection, the three-track invariant mass reconstructed under the
3𝜋 mass hypothesis is required to be consistent with the charged kaon mass within 3𝜎3 𝜋 , where the
measured mass resolution is 𝜎3 𝜋 = 0.9 MeV/c2.
For the signal selection particle identification (PID) conditions are applied, using the ratio
𝐸/𝑝 calculated from the energy (𝐸) of the associated LKr cluster and its momentum (𝑝) and the
information from the muon detector MUV3 to isolate candidate 𝜋 ∓ 𝜇± 𝑒 + final states. The range of
the vertex longitudinal position is optimised to reduce the background from 𝐾 + decays upstream of
the FV. It is required that Zvtx >107(111) m for the 𝜋 − (𝜇− ) channel. The kinematic variable used to
distinguish between signal and background is the invariant mass of the three selected tracks, built
under the 𝜋 − 𝜇 − 𝑒 mass hypothesis, 𝑚 𝜋 𝜇𝑒 . The 𝑚 𝜋 𝜇𝑒 region close to the charged kaon mass,
478–510 MeV/c2 , kept masked during the analysis, includes the signal region, 490–498 MeV/c2 and
two control regions. The 𝑚 𝜋 𝜇𝑒 resolution, obtained from simulation is 1.4 MeV/c2 . The search for
𝐾 + → 𝜋 + 𝜋 0 followed by 𝜋 0 → 𝜇− 𝑒 + , is performed on the sample of events passing the 𝜇− channel
selection by requiring that the reconstructed mass of the 𝜇 − 𝑒 pair is consistent with the 𝜋 0 mass.
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Figure 1: Left: Distributions of energy deposited in the LKr associated with the three selected STRAW
tracks for events passing the signal selection, 𝐾 + → 𝜋 ± 𝜇∓ 𝑒 + and 𝐾 + → 𝜋 + 𝜋 0 followed by 𝜋 0 → 𝜇− 𝑒 + ,
obtained from MC simulations after data-driven corrections to the energy of the LKr pion cluster. Right:
Misidentification probabilities of 𝜋 ± as 𝑒 ± (blue) and of 𝑒 ± as 𝜋 ± (red) as a function of the track charged
times momentum.

The measured efficiency of the MT trigger for normalisation events is 𝜖 n = (93.2 ± 0.5) × 102 ,
and the result for signal-like events is consistent with 𝜖n within 1%. The L0 MUV3 and L1
LAV conditions in the 𝜇𝑀𝑇 trigger have negligible inefficiency for signal-like events since similar
conditions are applied offline in the selection. The efficiencies of the LKr10 and LKr20 conditions
depend on the total energy deposited in the LKr (Figure 1 left).
The effective number of 𝐾 + decays in the FV is:
!
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where the index 𝑖 runs over different data-taking periods, 𝑁3𝑖 𝜋 are the numbers of normalisation
𝐾3 𝜋 events selected with the MT trigger with downscaling factor 𝐷 𝑖MT , and 𝐷 𝑖eff are the effective
downscaling factors of the three signal trigger chains. In Eq. 1, B (𝐾3 𝜋 ) = (5.583 ± 0.024) × 102
and 𝐴n = 10.18 × 10−2 are the branching ratio and selection acceptance of the 𝐾3 𝜋 decay. The
quoted uncertainty in 𝑁 𝐾 accounts for any inaccuracy in the description of the beam momentum
spectrum and STRAW inefficiency in simulations.

4. Background
Backgrounds arise from 𝐾 + decays together with the decay in flight (DIF) of one or more
particles in the final state and particle misidentification. Among the decay in flight the most
frequent one is the 𝜋 ± → 𝜇± 𝜈. The 𝜋 ±
𝑒 ± misidentification probabilities, derived from the E/p
measurement, are evaluated using 𝐾 + → 𝜋 + 𝜋 + 𝜋 − and 𝐾 + → 𝜋 + [𝑒 + 𝑒 − 𝛾] 𝜋 0 events and are shown in
Figure 1 on the righthand side plot. The misidentification probabilities of 𝜋 ± and 𝑒 ± as 𝜇± due to
the presence of accidental muons in the MUV3 detector are also considered.
The estimation of the background in the signal region is done using simulations. Data driven
corrections are applied as a weight taking into account trigger efficiency effects, observed differences
4
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Table 1: Summary of inputs to the single event sensitivity calculation and corresponding resulting values for
each search. The signal acceptances, 𝐴s , are displayed with statistical uncertainties only; other uncertainties
quoted are quadratic sums of the statistical and systematic uncertainties.

𝐴s × 102
𝜀LKr10 × 102
𝜀LKr20 × 102

𝐾 + → 𝜋 − 𝜇+ 𝑒 +
4.90 ± 0.02
97.5 ± 1.3
74.1 ± 1.6

𝐾 + → 𝜋 + 𝜇− 𝑒 +
6.21 ± 0.02
97.5 ± 1.3
73.3 ± 1.6

𝜋 0 → 𝜇− 𝑒 +
3.11 ± 0.02
92.9 ± 1.2
45.3 ± 1.0

BSES × 1011

1.82 ± 0.08

1.44 ± 0.05

13.9 ± 0.9

𝐾+

𝜋 − 𝜇+ 𝑒 +

→
→ 𝜋 + 𝜇− 𝑒 +
𝜋 0 → 𝜇− 𝑒 +

𝐾+

𝑛𝑏𝑔
1.07 ± 0.20
0.92 ± 0.34
0.23 ± 0.15

NA62 limits (90% CL)
→ 𝜋 − 𝜇+ 𝑒 + ) < 4.2 × 10−11
B (𝐾 + → 𝜋 + 𝜇− 𝑒 + ) < 6.6 × 10−11
B (𝜋 0 → 𝜇− 𝑒 + ) < 3.2 × 10−10

𝑛𝑜𝑏𝑠
0
2
0

B (𝐾 +

between data and simulation such as the energy deposited by pions in the LKr and misindentification
probabilities.

5. Results
The single event sensitivities, B𝑆𝐸 𝑆 , defined for each process as the branching ratios corresponding to the observation of one signal event, are computed as:
# −1

"
BSES =

Õ
𝑖

𝑖
(BSES
) −1

𝑖
, BSES
=

𝐴n 𝐷 𝑖eff 𝜀 n
1
=
B
(𝐾
)
,
3
𝜋
𝑖 𝐴 𝜀𝑖
𝑁𝐾
𝐴s 𝑁3𝑖 𝜋 𝐷 𝑖MT 𝜀s𝑖
s s

(2)

where 𝐴s are the signal acceptances , and 𝜀 s𝑖 are the trigger efficiencies for signal events. Efficiencies for trigger components present in both normalisation and signal trigger chains cancel to 1%
precision, except for the LKr10(20) components (𝜀 LKr10(20) ), which depend on the energy deposited
𝑖
in the LKr and are not present in the MT trigger chain. For the 𝜋 0 → 𝜇− 𝑒 + search, BSES
is divided
+
+
0
−2
by B (𝐾 → 𝜋 𝜋 ) = (20.67 ± 0.08) × 10 . A summary of inputs to the single event sensitivity
calculation and the BSES for the full data set and for each signal channel are given in Table 1.
After the validation of the background estimation in control regions, the blinded regions have
been opened. The invariant mass distributions are shown in Figure 2. The observed numbers of
events in the signal regions are in good agreement and new limits on the branching ratios at 90%
CL for each signal channel have been set and are reported in Table 2.

6. Conclusion
The new limits reported here for the 𝐾 + → 𝜋 − 𝜇+ 𝑒 + , 𝐾 + → 𝜋 + 𝜇− 𝑒 + and 𝜋 0 → 𝜇− 𝑒 + represent
an improvement by one order of magnitude over previous limits. The detailed description of the
5
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Table 2: Pedicted numbers of background events and observed number of events in signal regions. New
limits at 90% CL on the branching ratio of each signal channels have been set using the CL𝑠 method.
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analysis is reported in [13]. NA62 resumes data-taking in 2021, with higher beam intensity and
new detectors, and there will be the possibility of collecting additional data to study LN and LF
violating decays.
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Figure 2: 𝐾 + → 𝜋 − 𝜇+ 𝑒 + (left) and 𝐾 + → 𝜋 + 𝜇− 𝑒 + (right) invariant mass distribution

