
P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
3
3
5

Searches for lepton flavor/lepton number violation and
hidden sectors in kaon decays at the NA62 experiment

Ilaria Panichi𝑎,𝑏,∗ for the NA62 Collaboration†

𝑎INFN Sezione Firenze, Via Bruno Rossi 1, 50019 Sesto Fiorentino (FI), Italy
𝑏Dipartimento di Fisica e Astronomia, Università degli Studi di Firenze, Via Giovanni Sansone 1, 50019
Sesto Fiorentino (FI), Italy

E-mail: ilaria.panichi@unifi.it
Rare kaon decays are among the most sensitive probes of both heavy and light physics beyond the
Standard Model (SM) thanks to the high precision of the SM predictions, the availability of very
large datasets and the relatively simple decay topologies. NA62 is the CERN multi-purpose fixed-
target kaon decay experiment, carring out a broad rare decay and hidden sector physics program.
Recent NA62 searches for lepton flavor and lepton number violation and for the production of
hidden sector mediators in 𝐾+ decays, along with their future prospects, are presented.
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1. The NA62 experiment at CERN

NA62 is a fixed-target kaon experiment at CERN. Its main goal is to measure the branching
ratio (BR) of the ultra rare 𝐾+ → 𝜋+𝜈𝜈̄ decay [1], providing a stringent test of the Standard Model
(SM) and of several New Physics (NP) models.

The experimental layout [2] was designed and optimized for the 𝐾+ → 𝜋+𝜈𝜈̄ study. The
400𝐺𝑒𝑉/𝑐 protons beam extracted from the CERN Super Proton Synchrotron impinges on a
beryllium target producing a secondary beam of unseparated 𝜋+(70%), 𝑝(24%) and 𝐾+(6%),
selected with 75𝐺𝑒𝑉/𝑐 momentum (Δ𝑝/𝑝 ∼ 1.1%). The kaon component is identified by a
differential Cherenkov counter (KTAG). The particles of the secondary beam are measured by a
Si-pixel beam spectrometer (GTK), then travel in the vacuum of the fiducial decay volume (FV) of
the experiment. 𝐾+ decays occurring in the FV are reconstructed by measuring the momentum of
the charged particles produced in the decay with a four-chamber spectrometer of STRAW tubes,
and by identifying particles with a Ring Imaging Cherenkov (RICH) detector [3], a liquid kripton
(LKr) electromagnetic calorimeter and a muon veto system. Large (LAV) and small angle (IRC,
SAC) photon detectors system are included to veto photons that are outside the LKr acceptance.

NA62 took data during 2016, 2017 and 2018 (Run1) and collected around 6.2 × 1012 𝐾+

decays, allowing for a broad kaon physics program, which includes searches for lepton flavor (LF)
and lepton number (LN) violation and for direct production of hidden sector mediators in𝐾+ decays.

2. LF and LN violation searches at NA62

Lepton number (𝐿) and lepton flavor (𝐿𝑒, 𝐿𝜇, 𝐿𝜏) are accidentally conserved quantities within
the SM and the observation of processes violating these conservation laws constitutes a clear
indication of physics beyond the Standard Model (BSM). LN violation has never been observed,
while neutrino oscillations constitutes the first evidence of LF violation. LF and LN violating
processes involving charged leptons are expected to occur in perturbation theory, via virtual effects,
and kaon decays are perfect probes to investigate the NP responsible for them at mass scales up
to O(100 𝑇𝑒𝑉/𝑐2). For example, in LN violating decays, such as 𝐾+ → 𝜋−𝑒+𝑒+ (Δ𝐿 = −2),
Majorana neutrinos may be exchanged, as in the neutrino-less double 𝛽 decay [4]. LF violating
processes like 𝐾+ → 𝜋+𝜇−𝑒+ (Δ𝐿𝑒 = −1 = Δ𝐿𝜇) may occur via the exchange of a 𝑍 ′ boson [5] or
in SM extensions with light pseudoscalar bosons [6].

Thanks to dedicated di-lepton and multi-track trigger lines [7], running concurrently with the
main 𝐾+ → 𝜋+𝜈𝜈̄ trigger line, NA62 has the world’s leading sensitivity to most LF/LN violating
𝐾+ decays and has already set stringent 𝐵𝑅 upper limits (UL) for a variety of processes, all listed in
Tab.1. Based on results from Run 1 only, NA62 has improved on previous limits by at least a factor
two up to a factor greater than O(102), depending on the process, and provided the first limit for
the 𝐵𝑅(𝐾+ → 𝜋−𝜋0𝜇+𝑒+). The NA62 LF/LN violating searches on Run1 data are still ongoing,
with the promising prospect of setting the very first limit for the LFV 𝐾+ → 𝜋−𝜋0𝜇+𝑒+ and the
LFV/LNV 𝐾+ → 𝑒−𝜈𝜇+𝜇+ decays.
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Previous UL (90%C.L.) NA62 UL (90%C.L.)
𝐵𝑅(𝐾+ → 𝜋−𝜇+𝜇+) < 8.6 × 10−11 [8] < 4.2 × 10−11 [9]
𝐵𝑅(𝐾+ → 𝜋−𝑒+𝑒+) < 6.4 × 10−10 [10] < 5.3 × 10−11 [11]
𝐵𝑅(𝐾+ → 𝜋−𝜋0𝑒+𝑒+) none < 8.5 × 10−10 [11]
𝐵𝑅(𝐾+ → 𝜋−𝜋0𝜇+𝑒+) none analysis started
𝐵𝑅(𝐾+ → 𝜋−𝜇+𝑒+) < 5.0 × 10−10 [10] < 4.2 × 10−11 [12]
𝐵𝑅(𝐾+ → 𝜋+𝜇−𝑒+) < 5.2 × 10−10 [10] < 6.6 × 10−11 [12]
𝐵𝑅(𝜋0 → 𝜇−𝑒+) < 3.4 × 10−9 [10] < 3.2 × 10−10 [12]

𝐵𝑅(𝐾+ → 𝜋+𝜋0𝜇−𝑒+) none analysis started
𝐵𝑅(𝐾+ → 𝜇−𝜈𝑒+𝑒+) < 2.1 × 10−8 [13][14] < 8.1 × 10−11 [15]
𝐵𝑅(𝐾+ → 𝑒−𝜈𝜇+𝜇+) none analysis ongoing

Table 1: Summary of the NA62 Run1 program on LF and LN violation searches. The first five decays are
LN violating, the central three are LF violating and the last two are LF or LN violating, depending on the
neutrino flavor. The result in [9] is obtained by the analysis of ∼30% of Run1 sample.

.

3. Hidden sector searches in the 𝐾+ into 𝜋+𝑒+𝑒−𝑒+𝑒− final state at NA62

Kaon decays to multiple dark states can probe unexplored regions of the parameter space
for different dark sector models [16]. Analysing the data collected in Run1, NA62 performed
the first search for 𝐾+ decays to multiple dark states through the 𝜋+𝑒+𝑒−𝑒+𝑒− final state, that
can be produced, for example, by the 𝐾+ → 𝜋+𝑎𝑎 with prompt 𝑎 → 𝑒+𝑒− decay, where 𝑎 is
a short lived QCD axion with mass in the MeV scale, or by the prompt dark cascade 𝐾+ →
𝜋+𝑆, 𝑆 → 𝐴′𝐴′, 𝐴′ → 𝑒+𝑒−, involving a dark scalar (𝑆) promptly decaying into dark photons
(𝐴′). The QCD axion is also accounted for as possible explanation for the 17𝑀𝑒𝑉/𝑐2 anomaly
observed in the mass spectra of the 𝑒+𝑒− pairs produced in the nuclear de-excitation of 8Be. As
the lower limit 𝐵𝑅(𝐾+ → 𝜋+𝑎𝑎) > 2 × 10−8 [17] can be predicted for 𝑚𝑎 = 17𝑀𝑒𝑉/𝑐2, a
conclusive test of the QCD axion explanation for the anomaly can be performed. Moreover, within
the SM, the non-resonant 𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒− decay is strongly suppressed, with a prediction of
𝐵𝑅𝑆𝑀 (𝑛𝑜𝑛 𝑟𝑒𝑠. 𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒−) = (7.2 ± 0.7) × 10−6 at leading order in QED and Chiral
Perturbation Theory [18]. A measurement of this 𝐵𝑅, which has not yet been made, could hint at
BSM physics through deviations with respect to its prediction.

The NA62 strategy to search for the 𝐾+ into 𝜋+𝑒+𝑒−𝑒+𝑒− final state relies on a fully kinematic
analysis. Momentum, direction of flight, track time and electric charge are the only information
used to define the kinematic selection and to identify the final state particles, and they are all
measured by the STRAW spectrometer. This approach is necessary in order to have the highest
possible acceptance for the multiple soft tracks of the final state. The invariant mass 𝑚𝜋4𝑒 =√︃
𝑃𝜋+ + 𝑃𝑒+1 + 𝑃𝑒−1 + 𝑃𝑒+2 + 𝑃𝑒−2 , is defined as discriminating variable. 𝑃𝑖 is the four-momentum

of the final state particle calculated by using the measured momentum of the selected track and
the mass assignment in the subscript. The momentum excess Δ𝑝 = 𝑝𝑣𝑡 𝑥 − 𝑝𝑏𝑒𝑎𝑚 between the
total momentum of the five reconstructed tracks coming from the 𝐾+ decay vertex (𝑝𝑣𝑡 𝑥) and the
central beam momentum (e.i. the 𝐾+ momentum) 𝑝𝑏𝑒𝑎𝑚, is also used to distinguish between
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signal and background. 𝑝𝑏𝑒𝑎𝑚 is measured with fully reconstructed 𝐾+ → 𝜋+𝜋+𝜋− decays and
monitored during the run. The conditions |Δ𝑝 | < 2𝐺𝑒𝑉/𝑐, ensuring the compatibility of the
total reconstructed momentum with the beam, and 484𝑀𝑒𝑉/𝑐2 < 𝑚𝜋4𝑒 < 504𝑀𝑒𝑉/𝑐2 define a
two dimensional signal region, which is kept closed until the final background validation in the
control region Δ𝑝 < −2𝐺𝑒𝑉/𝑐. The expected background in the signal region is estimated by
MC simulations. Backgrounds due to particle mis-identification and/or lost tracks coming from
five-track and seven-track SM 𝐾+ decays, and from the time coincidence of two three-track SM
𝐾+ decays, are taken into account. The major background comes from the 𝐾+ → 𝜋+𝜋0 with
𝜋0 → 𝑒+𝑒−𝑒+𝑒− double Dalitz decay (𝐾2𝜋𝐷𝐷), which is otherwise used for the normalization:
branching ratios are measured relative to a SM decay with known 𝐵𝑅 and similar topology to the
final state. This normalization procedure allows to estimate the effective number of 𝐾+ decays in
the FV (𝑁𝐾 ) and a first order cancellation of systematic uncertainties. Including the whole Run1,
𝑁𝐾 = (8.58 ± 0.19𝑠𝑡𝑎𝑡 ± 0.007𝑀𝐶 ± 0.41𝑒𝑥𝑡 ) × 1011, with uncertainties coming from the size of
the NA62 data sample, from the 𝐾2𝜋𝐷𝐷 acceptance (estimated with MC) and from the knowledge
of the 𝐾2𝜋𝐷𝐷 decay 𝐵𝑅 (external error). The analysis is fully described in [19].

After the unblinding no data events are observed in the signal region. The upper limit
𝐵𝑅(𝑛𝑜𝑛 𝑟𝑒𝑠. 𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒−) < 1.4× 10−8 is established at 90% C.L., a factor O(200) greater
than the SM expectation in [18]. Fig.1a and Fig.1b shows BR UL for 𝐾+ → 𝜋+𝑎𝑎, 𝑎 → 𝑒+𝑒−

and 𝐾+ → 𝜋+𝑆, 𝑆 → 𝐴′𝐴′ , 𝐴′ → 𝑒+𝑒− as a function of the QCD axion and dark particles
mass, respectively. In particular, assuming 𝑎 → 𝑒+𝑒− as the main decay mode, 𝐵𝑅(𝐾+ → 𝜋+𝑎𝑎,

𝑎 → 𝑒+𝑒−) < 2.1 × 10−9 at 𝑚𝑎 = 17𝑀𝑒𝑉/𝑐2 excludes the QCD axion as possible explanation of
the 17 𝑀𝑒𝑉/𝑐2 anomaly, given the 10 times higher predicted lower limit in [17].
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Figure 1: NA62 upper limits at 90% C.L. of 𝐵𝑅(𝐾+ → 𝜋+𝑎𝑎, 𝑎 → 𝑒+𝑒−) (left) and 𝐵𝑅(𝐾+ → 𝜋+𝑆, 𝑆 →
𝐴′𝐴′ , 𝐴′ → 𝑒+𝑒−) (right). Results comes from the analysis of Run1 statistics. The whole kinematicaly
allowed range 2𝑚𝑒 ≤ 𝑚𝑎 ≤ (𝑚𝐾 −𝑚𝜋)/2 ( 2𝑚𝑒 ≤ 𝑚𝐴′ ≤ 𝑚𝑆/2 ≤ (𝑚𝐾 −𝑚𝜋)/2) is considered for the axion
𝑎 (dark scalar 𝑆 and dark photon 𝐴′); 120 ≤ 𝑚𝑆 ≤ 165𝑀𝑒𝑉/𝑐2 is excluded from the search as dominated
by the background process 𝐾+ → 𝜋+𝜋0 with 𝜋0 → 𝑒+𝑒−𝑒+𝑒− double Dalitz decay. See [19] for details.
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4. Future and prospects

In 2021, after the second long shutdown of the CERN accelarator complex (LS2), NA62
resumed the data taking, aiming to improve the precision of the 𝐵𝑅(𝐾+ → 𝜋+𝜈𝜈̄ ) measurement to
O(15%). NA62 Run2 is expected to last until LS3 and is ongoing with about a factor two increased
beam intensity with respect to Run1. As all the searches presented are statistics dominated, the
current experimental sensitivities (e.g. O(10−11) for LF/LN violating decays) are expected to
improve at least by a factor two by combining the Run1 and Run2 data.

The HIKE (High Intensity Kaon Experiments) proposal [20] is under discussion at CERN for
a long term kaon physics program after LS3. HIKE will run with a beam intensity 4 to 6 times
higher than NA62 and will pursue a multi-phase physics program with charged 𝐾+ and neutral 𝐾𝐿
beams planned in different phases. HIKE are ultimately to measure the 𝐵𝑅(𝐾+ → 𝜋+𝜈𝜈̄) with
O(5%) precision (Phase 1) and the 𝐵𝑅(𝐾𝐿 → 𝜋0𝑙+𝑙−) with O(20%) precision (Phase 2). Beyond
the studies of these golden channels, HIKE will continue the campaign, started by NA62, to make
precision studies of rare and forbidden kaon decays and hidden sector searches in kaon decays,
with an enriched program and higher expected sensitivities (e.g. LF/LN violation searches with
sensitivities of O(10−12)).

5. Conclusions

NA62 is the CERN multi-purpose fixed-target kaon decay experiment, carring out a broad
rare decay and hidden sector physics program. Through the analysis of the data collected during
Run1, NA62 set stringent branching ratio upper limits for a variety of LF and LN violating 𝐾+

decays, improving on the existing limits or establishing a limit for the first time, depending on the
channel, and recently performed the first search for 𝐾+ decays into the final state 𝜋+𝑒+𝑒−𝑒+𝑒−.
The first experimental limit for the branching ratio of the SM non-resonant contribution to the
𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒− was established, together with upper limits of O(10−9) in the kinematically
allowed mass range for the pair-production of short-lived QCD axions in the𝐾+ → 𝜋+𝑎𝑎, 𝑎 → 𝑒+𝑒−

decay and for the prompt decay chain 𝐾+ → 𝜋+𝑆, 𝑆 → 𝐴′𝐴′, 𝐴′ → 𝑒+𝑒− with 𝑆 (𝐴′) dark scalar
(dark photon). The observed limit 𝐵𝑅(𝐾+ → 𝜋+𝑎𝑎, 𝑎 → 𝑒+𝑒−)2 < 2.1×10−9 at𝑚𝑎 = 17𝑀𝑒𝑉/𝑐2

excludes the QCD axion as possible explanation of the 17 𝑀𝑒𝑉/𝑐2 anomaly observed in the nuclear
de-excitation of 8Be. Other recent results from NA62 Run1 analysis are published in [21],[22],[23].

NA62 Run2 is ongoing at higher intensities, providing additional data for the searches, and the
HIKE proposal is under discussion for the future.
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