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The NA62 experiment at CERN offers the highest experimental sensitivity to rare and for-
bidden kaon decays. A search for lepton number violating processes K+ → π−e+e+ and
K+→ π−µ+µ+, using a partial data set collected by NA62 in 2016-2018, is reported. No signals
are observed and upper limits at 90% confidence level on the branching fractions of these decays
are obtained: 2.2× 10−10 and 4.2× 10−11, respectively. These results improve on previously
reported measurements by factors of 3 and 2, respectively.
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1. Introduction

The conservation of lepton number and lepton flavour are properties of the Standard Model
(SM) not explicitly required during its construction. Many scenarios beyond SM predict the ex-
istence of lepton number violating (LNV) and/or lepton flavour violating (LFV) processes. For
example, the decays of the charged kaon K+ → π−l+l+ (with l = e,µ) violate the conservation
of lepton number by two units, and may be mediated by a massive Majorana neutrino [1, 2]. The
observation of such processes would be a clear indication of physics beyond the SM description.
The world knowledge (prior to the reported analysis) for these decays is based on the following up-
per limits at 90% confidence level on their branching fractions: B(K+→ π−e+e+) < 6.4×10−10

obtained by the BNL E865 experiment [3], and B(K+→ π−µ+µ+)< 8.6×10−11 obtained by the
CERN NA48/2 experiment [4]. A search for K+→ π−l+l+ (with l = e,µ) with about 30% of the
data collected by the NA62 experiment at CERN in 2016-18 is reported here.

2. The NA62 experiment at CERN

The NA62 experiment [5] at the CERN Super Proton Synchrotron (SPS) is a fixed-target detec-
tor designed for the study of rare kaon decays. It represents the current kaon physics programme
at CERN and offers a timely and complementary approach, with respect to direct and indirect
searches at the Large Hadron Collider, to probe new physics at short distances corresponding to
energy scales up to 100 TeV. The NA62 primary goal is the precise measurement of the ultra-rare
K+ → π+νν̄ decay, using a decay-in-flight technique, novel for this channel. In the SM the ex-
pected probability for this decay is about 10−10. Owing to the strong suppression in the SM, the
K+→ π+νν̄ decay is sensitive to beyond SM scenarios [6, 7], probing the highest energy scales
accessible amongst rare meson decays. After a decade of intense development and construction,
NA62 has collected physics data in 2016-2018. The statistics of the first sample, collected with the
full detector in 2016, allowed NA62 to reach the domain of 10−10 single event sensitivity for the
K+→ π+νν̄ decay and validated the novel experimental technique [8].

The NA62 high intensity beam flux and detector performances [5] provide unprecedented
background suppression and precision measurement capabilities, and can be exploited to expand
the physics scope of the experiment. So despite being built for a specific goal, NA62 presents a
broad and competitive physics programme in kaon decays and beyond. In addition to K+→ π+νν̄

the programme includes: precision tests of lepton flavour universality (LFU) and chiral perturbation
theory (ChPT); precision measurement of rare decays, like K → πll, K+→ π+γl+l− and K+→
l+νγ with l = e,µ; searches for forbidden lepton flavour/number violating (LFV/LNV) processes
in K+ and π0 decays, like K+→ π−l+l+ with l = e,µ (reported in this contribution) or π0→ eµ;
searches for hidden-sector particles, such as heavy neutral lepton and dark photons [9].

The beam and detector The NA62 detector is shown in Fig. 1 and is explained in detail in [5].
A secondary unseparated hadron beam of central momentum (75± 0.8) GeV/c is produced from
SPS primary protons at 400 GeV/c directed on a beryllium target. The total particle rate at nominal
intensity is about 750 MHz and the main beam components correspond to ∼ 70% of π+, ∼ 6% of
K+ and∼ 24% of protons. About 10% of K+ decays in a fiducial volume (FV) contained in a large
vacuum cylindrical tank kept at 10−6mbar pressure, to minimise the multiple scattering of the decay
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Figure 1: Schematic layout of the NA62 experiment in the xz plane.

products, and the number of interactions of the beam with the residual gas. The NA62 tracking
system is composed by three stations of silicon micro-pixel GigaTracKer (GTK) beam spectrometer
and four straw chambers spectrometer (STRAW) responsible for the detection and tracking of
particles upstream and downstream the FV, respectively. The NA62 particle identification (PID)
strategy relies on a Cherenkov differential counter (KTAG) for the positive identification of kaons
upstream the FV, a Ring Imaging Cherenkov (RICH) detector for π/µ/e identification and timing,
a liquid Kripton (LKr) electromagnetic calorimeter and hadronic calorimeters (MUV1,2). The
NA62 photon veto system is composed by several detectors covering different photon emission
angle regions: LKr, intermediate (IRC) and small angle (SAC) calorimeters responsible for the
rejection of photons emitted in the forward region (up to 15 mrad), 12 stations of large angle vetoes
(LAV), distributed over the length of the decay tank, for photons emitted at large angle (15-50
mrad). The veto system also comprises plastic scintillators (MUV0, MUV3) to suppress muons.

3. Data samples and event selections

Searches for two LNV modes K+→ π−e+e+ and K+→ π−µ+µ+ using a subset (equivalent
to 3 months) of 2017 data are reported. A blind analysis strategy is adopted, and the corresponding
SM flavour changing neutral current (FCNC) K+→ π+e+e− and K+→ π+µ+µ− decays are used
as normalisation channels. The data sample corresponds to about 2.3×105 SPS spills. The typical
beam intensity in 2017 was 2×1012 protons per SPS spill, equivalent to a mean beam particle rate
at the FV entrance of about 500 MHz, and a mean K+ decay rate in a 75 m-long FV of ∼ 3.5 MHz.

The data sample used for this analysis has been collected with dedicated two-stage hardware
(L0) and software (L1) trigger lines, enabled and run alongside the main K+ → π+νν̄ line in a
“parasitic" and non-interfering fashion. These trigger lines select multi-track, di-electron and di-
muon final states. The former two lines are used to collect K→ πee candidates, and the latter line is
used to collect K→ πµµ candidates. The low-level [10] (L0) multi-track trigger is based on RICH
signal multiplicity and a requirement for a coincidence of signals in two opposite quadrants of a
charge hodoscope. The di-electron L0 trigger additionally requires that at least 20 GeV of energy
is deposited in the LKr calorimeter, while the di-muon L0 trigger requires a coincidence of signals
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from two MUV3 tiles. The software (L1) trigger involves beam kaon identification by KTAG and
reconstruction of a negatively charged track in STRAW. The multi-track, di-electron and di-muon
trigger chains were downscaled typically by factors of 100, 8 and 2, respectively.

Both signal (LNV) and normalisation (SM) channels are collected concurrently, through the
same trigger lines, and reconstructed from the same data sets. Under the assumption of similar
kinematic distributions, this approach leads to first-order cancellation of effects due to trigger and
detector inefficiencies, as well as event pileup. The SM K+→ π+e+e− and K+→ π+µ+µ− decays
with O(10−7) branching fractions are known experimentally to a few percent precision [11, 12].
The main steps of the K+→ π−e+e+ (K+→ π−µ+µ+) event selection are outlined:

• a good quality 3-track vertex with total charge +1 reconstructed in a fiducial decay volume
defined as 105 m < Zvtx < 180 m (114 m < Zvtx < 180 m);

• track momenta selected in the range 8 GeV/c <Zvtx < 65 GeV/c (5 GeV/c <Zvtx < 65 GeV/c);

• three track times consistent within 15 ns (12 ns)

• the resultant 3-track momentum compatible with beam longitudinal and trasverse momenta
(from nominal beam parameters);

• particle identification inferred through the reconstructed E/p ratio (energy deposited in LKr
calorimeter divided by the track momentum measured by STRAW);

The latter E/p ratio is expected to be ∼ 1 for e±, almost mull for minimum ionising particles like
muons, and broadly distributed for pions (depending on the energy sharing between electromag-
netic and hadronic shower components). For this analysis the following PID criteria have been
used: 0.9 < E/p < 1.1 for e±, E/p < 0.2 for µ±, and E/p < 0.85 for π±. Muon candidates
must have at least one MUV3 hit associated in time and space with the track reconstructed by the
STRAW spectrometer. To reach the best sensitivity in the K+→ π−e+e+ analysis the RICH is also
used for e+ identification, exploiting the maximum likelihood fit probability to Cherenkov rings
for different mass hypotheses. Furthermore, all photon veto detectors are applied to improve the
background rejection from neutral pion decays (like Dalitz decay π0→ e+e−γ).

4. Backgrounds

The main sources of background to K+ → π−e+e+ and K+ → π−µ+µ+ come from the
K+→ π+π+π− channel, which is the dominant K+ decay to three charged tracks, with a branching
fraction of B(K+ → π+π+π−) = (5.583± 0.024)%. The signal acceptances and the main back-
grounds are evaluated using Monte Carlo (MC) simulations describing the detector geometry and
response; input from data is used to tune and optimise several aspects of the simulations. Full
data-driven methods are employed to address specific background sources.

Backgrounds to K+ → π−l+l+ occur via two main mechanisms: particle mis-identification
(mis-ID); particle decays in flight. The π± mis-identification as e± (and viceversa) causes the main
background contamination to K+ → π−e+e+ events. The estimate for this background is based
on simulations involving the pion and electron identification efficiencies measured with data, as
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Figure 2: Measured probabilities of π± mis-identification as e± as functions of track momentum.

well as pion to electron (and electron to pion) mis-ID probabilities. Each quantity is measured as
a function of the reconstructed track momentum using samples of pions and positrons, freed from
background, from kinematic selections of K+→ π+π+π− and K+→ e+π0νe. The LKr calorimeter
response is known to be the same for electrons and positrons. All measured inefficiencies and mis-
ID probabilities are at the level of 10−2 with weak momentum dependence; with the exception
of the probability of π± mis-ID as e±, shown in Fig. 2. Different values are obtained using the
LKr E/p condition alone (red), the RICH PID1 alone (green), the multiplication of the two (blue,
dashed), and the logical AND of the LKr and RICH (blue, solid). The combined probability reaches
a minimum values of 10−5 for a momentum of 25 GeV/c, and increases up to 2×10−3 at 10 GeV/c,
and to 10−4 at 45 GeV/c. The observed momentum dependence is due to the RICH Cherenkov
threshold at low momentum, and the similarity of RICH response to e+ and π+ at high momentum.

Background contamination in the K+→ π−µ+µ+ sample is mainly due to K+→ π+π+π−

processes with pion decays-in-flight to muons or pion mis-identified as muons. The latter is evalu-
ated with the same technique as for K+→ π−e+e+, using simulations with inputs from dedicated
studies based on control data samples. The former contamination, due to pion decays, can be
accurately reproduced and the background estimate is based on special π± decay enriched MC
simulations. Pion decays in flight typically lead to reconstructed πµµ mass values well below the
K+ mass. However, depending on where the pion decays along the beam line, e.g. in the region
between the STRAW magnet and the third chamber (or upstream the vacuum tank), effects like
the mis-reconstruction of track momentum (or of the vertex kinematic properties) can give rise to
high πµµ mass values contaminating the signal region. Background to K+ → π−µ+µ+ events
due to K+→ π+π+π− decays with both π+ mis-ID as µ+ is estimated with data-driven methods,
using a control sample collected with the multi-track trigger line. The full K+→ π−µ+µ+ event
selection is applied, however the PID criteria are inverted to select πππ vertices. The background
contribution from K+→ π+π+π− decays with one π+ decaying and another pi+ mis-ID as mu+

is estimated in a similar way.

1The RICH PID is only used for positrons.
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5. Results
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Figure 3: Reconstructed invariant πll mass spectra for selected samples of (top-left) SM K+ → π+e+e−;
(top-right) LNV K+→ π−e+e+; (bottom-left) SM K+→ π+µ+µ−; (bottom-right) LNV K+→ π−µ+µ+.
Data are overlayed with background estimates based on simulations. The shaded vertical bands indicate the
regions masked during the analyses, which include the LNV signal regions bounded by dashed lines.

The final invariant mass M(πll) spectra for selected SM and LNV K → πll (with l = e,µ)
candidates are shown in Fig. 3. The normalisation mode SM K+ → π+e+e− (Fig 3, top-left)
is selected with a common event selection to the LNV mode (Fig 3, top-right), except for the
charge and PID criteria. The event selection for K+ → π+e+e− includes the usage of RICH
PID (for e+ only). An auxiliary selection without RICH PID is used for the validation of back-
ground estimates. For the auxiliary selection the backgrounds in the control mass regions are
simulated to few % relative precision, but the sensitivity to the LNV signal is limited by K+ →
π+π0,π0→ e+e−γ (with pi+ mis-ID as e+) background. Positron identification in the RICH leads
to unprecedented background suppression for the selection of LNV K+ → π−e+e+ signal, thus
improving its discovery potential. The overall background to the LNV signal is reduced by a
factor of 6, with respect to the one obtained with the auxiliary analysis. In the SM signal mass
region 470 MeV/c2 < M(πee) < 505 MeV/c2 (also masked region for the LNV mode) 2,484
K+ → π+e+e− candidates are observed with M(ee) > 140 MeV/c2. Using the world average
B(K+→ π+e+e−) = (3.00± 0.09)× 10−7 [11], the number of K+ decays in the fiducial volume
is found to be: NK = (2.14± 0.07)× 1011. The signal acceptance for the LNV K+ → π−e+e+

decay (computed from simulations under the assumption of uniform phase-space) is 4.98%. A
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single event sensitivity defined as SES = 1
NK ·A of (0.94± 0.03)× 1010 is obtained. The signal re-

gion for the LNV mode is defined as (493.7± 5.1)MeV/c2, i.e. (m(K+)± (3×σM(πee))). The
total background estimate in the LNV K+ → π−e+e+ signal region is (0.16± 0.03), where the
error includes a systematic uncertainty of 15% in relative terms to account for the precision of
the background description in the control mass regions when including the RICH PID. After un-
blinding no candidate events are observed in the LNV K+ → π−e+e+ signal region, and an up-
per limit is set on the branching fraction of the LNV mode using the CLs statistical treatment:
B(K+→ π−e+e+)< 2.2×10−10 at 90% confidence level.

The RICH PID is not used in the selection of K+ → π−µ+µ+ events. So the normalisa-
tion SM K+ → π+µ+µ− mode (Fig 3, bottom-left) is selected with a common event selection
to the LNV mode (Fig 3, bottom-right), except for the charge requirements. In the SM sig-
nal mass region 484 MeV/c2 < M(πee) < 504 MeV/c2 (also masked region for the LNV mode)
8,357 K+ → π+µ+µ− candidates are observed. Using the world average B(K+ → π+µ+µ−) =

(0.962± 0.025)× 10−7 [12], the number of K+ decays in the fiducial volume is found to be:
NK = (7.94± 0.23)× 1011. The evaluated signal acceptance for the LNV mode is 9,81%. A sin-
gle event sensitivity of (1.28± 0.04)× 1010 is obtained. The signal region for the LNV mode is
defined as (493.7±3.3)MeV/c2, i.e. (m(K+)± (3×σM(πµµ))). The total background estimate in
the LNV signal region is (0.91±0.41). The background description is validated by the agreement
between the observed and predicted number of events in control mass regions, which is within 3%
for both SM and LNV event selections. After unblinding 1 candidate event is observed in the LNV
K+→ π−µ+µ+ signal region, and an upper limit is set on the branching ratio of the LNV mode
using the CLs statistical treatment: B(K+→ π−µ+µ+)< 4.2×10−11 at 90% confidence level.

6. Conclusions

The NA62 experiment at CERN has a vast and unique physics programme including searches
of LFV/LNV processes. Searches for LNV K+ → π−e+e+ and K+ → π−µ+µ+ decay, using a
partial data set collected by NA62 in 2017 are reported. No signals are observed, but improved
upper limits at 90% confidence level on the branching fractions of these decays are obtained: 2.2×
10−10 and 4.2× 10−11, respectively. The sensitivities achieved are not limited by background, so
further improvements are expected when using the full NA62 data set (about 3 times larger). With
data collected in 2016-2018 NA62 has reached unprecedented sensitivities to branching fractions
at the level of 1011 for a range of rare and forbidden K+ decays. More analyses are ongoing and
improvements with respect to world averages are expected for several LNV/LFV channels.
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