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1 Introduction 

Over the last seven decades, measurements of kaon decays have played a central 
role in both testing the Standard Model (SM) and searching for New Physics (NP). 
Indeed, the kaon sector proves a powerful probe at the intensity frontier, owing to a 
small number of decay modes, to rather simple final states and to the accessibility 
of intense kaon beams [7]. 

The NA62 experiment is currently carrying on the successful series of kaon 
decay experiments at the CERN North Area [4]. It makes use of a 400 GeV/c . 

primary proton beam extracted from the CERN Super Proton Synchrotron with 
(1.9.–2.2) × 1012 . protons per (∼4.8 s. long) pulse and a relative duty cycle of 
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∼0.3. [7]. The primary beam impinges on a beryllium target, thus producing 
a secondary, unseparated positive hadron beam, with a total rate of 750 MHz. 
consisting of approximately 70%. charged pions, 23%. protons and 6%. charged 
kaons. The 75 GeV ± 1%. momentum component of the secondary beam is used 
by the experiment [7]. 

The NA62 apparatus essentially consists of an instrumented 117 m. long vacuum 
tank, with variable diameter between 1.92 m. (upstream) and 2.8 m. (downstream). 
It was designed with a strong focus on excellent time resolution for matching 
the incident kaon and the decay output tracks with a precision of O(100 ps).; 
a powerful and redundant charged-particle identification (PID) system; a highly 
hermetic coverage of the decay volume, to guarantee that the full reconstruction 
of both the signal kinematics and the background veto (especially the channels with 
final-state photons from π0

. decays) is performed with high efficiency [7]. 
Firstly, the kaon component of the secondary beam is identified with high 

efficiency ( 99%.) by the KTAG (Kaon TAGger) [22], a CEDAR (ChErenkov Dif-
ferential counter with Achromatic Ring focus) derived from the CERN CEDAR-W 
design with custom photodetection and readout systems. The track and momentum 
of the beam particle is also measured with a beam spectrometer, the Giga TracKer 
(GTK) [27], which consists of an array of silicon pixel modules installed around 
4 dipole magnets arranged as a magnetic achromat. Each module is 510 μm. thick, 
with a 300 × 300 μm2

. pixel pitch. Overall, an angular resolution of 16 μrad. and a 
relative momentum resolution of 0.2%. are attained. 

The fiducial volume (FV), i.e., the region in which the kaon primary decay 
vertices are sought, occupies the first 60 m. of the vacuum tank, downstream of 
the GTK. Only about 4.5 MHz. of charged kaons, i.e., 10%. of those entering the 
experiment, decay in the FV. Several subsystems are devoted to the measurement 
of the decay products. A brief summary of the main elements of the apparatus is 
provided in the following. Further details can be found in Ref. [7]. 
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The charged particle trajectories are reconstructed by a magnetic spectrometer, 
which includes a bending magnet [21] (with a transverse momentum kick of 
270 MeV/c .) instrumented by 4 straw-tube modules [7] (STRAW) with a spatial 
resolution of 130 μm. and a momentum resolution of 0.3%+ 0.005%p . (p being the 
particle momentum), together with a Charged-particle HODoscope (CHOD) [25]. 

A hermetic photon-veto system provides efficient coverage to the detection of 
photons from several background sources in a very wide angular range. In particular, 
the Large-Angle Veto (LAV) [1] encompasses 12 modules of ring-shaped arrays of 
lead glass blocks, deployed around and downstream of the FV, providing an angular 
coverage up to 50 mrad.. On the other hand, angles ≤ 8.5 mrad. are covered by 
electromagnetic calorimeters placed at the downstream end of the apparatus: the 
NA48 Liquid Krypton (LKr) calorimeter [20], the Intermediate-Ring Calorimeter 
(IRC) and the Small-Angle Calorimeter (SAC) [7]. Overall, a π0

. suppression at the 
level of 10−8

. is achieved. 
Hadronic calorimeters [7, 20] and a Ring-Image Cherenkov Detector (RICH) 

[2, 3] allow for a powerful PID. Overall, a muon suppression at the level of 10−7
. is 

achieved. Moreover, the RICH provides a high-time-resolution (<100 ps.) reference 
for the output state [3] and allows for additional muon-pion separation at the level 
of 10−2

.. 

2 K+ → π+νν . and K+ → π+X . 

The K+ → π+νν . (PNN) decay (as well as its neutral counterpart, KL → π0νν .)  is  
a flavor-changing neutral current process that proceeds via Z-penguin and double-
W -box diagrams [7]. It is heavily suppressed because of the GIM mechanism and of 
the CKM hierarchy, with a branching ratio BRSM

PNN = (7.86 ± 0.61) × 10−11
. in the 

SM [18]. See also, e.g., [5, 6]. As the decay dynamics is dominated by short-distance 
contributions and its hadronic matrix element can be obtained from the experimental 
measurement of the Ke3 . channel (K+ → π0e+νe .) with sub-%. precision, rather 
clean theoretical predictions are accessible in the SM. The K+ → π+νν . decay 
may prove highly sensitive to flavor NP, including, e.g., non-SM behaviour due to 
new sources of flavor violation, direct CP violation, lepton-flavor non-universality 
and leptoquarks [7]. 

Essentially, the PNN reconstruction proceeds by identifying an input K+
. track 

that matches an output π+
. track with some missing tranverse momentum (due to 

the neutrinos) with the decay vertex inside the FV. In the (pπ ,m2
miss). plane two 

boxes are identified as the signal region (Fig. 1 left) and several other regions are 
defined for validation and evaluation of three of the main background sources, i.e., 
K+ → μ+νμ ., K+ → π+π+π−

. and K+ → π+π0
.; the latter is also used as 

a normalization channel. Two other contributions to the overall background are 
noteworthy: the one from K+ → π+π−e+νe ., which only affects the signal box 
at higher m2

miss . and was characterized with simulations only, and the so-called 
upstream background, given by π+

. coming from K+
. interactions or decay in flight
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Fig. 1 Left: PNN candidate events from the 2018 dataset in the (pπ ,m2
miss). plane. The intensity 

of the gray shaded area reflects the variation of the SM signal acceptance. The signal regions are 
highlighted in red. Right: Model-independent observed BR upper limits for different X mass and 
lifetime hypotheses. Reprinted under CC-BY-4.0 license from Ref. [10]. © 2021, CERN for the 
benefit of the NA62 Collaboration 

occurring upstream of the FV, which was characterized with a data-driven approach. 
The analysis procedure is described in extensive detail in Refs. [8–10]. 

The datasets collected in 2016 [8], 2017 [9] and 2018 [10] (in Fig. 1 left) have 
been analyzed. Overall, a single-event sensitivity of (0.839±0.053syst)×10−11

. has 
been reached [10]. 20 candidate events have been observed in the signal region, to be 
compared to the expected sum of 10.01±0.42syst±1.19ext .PNN events and 7.03+1.05

−0.82 . 

background events [10]. This leads to BRmeas
PNN = (10.6+4.0

−3.4|stat ± 0.9syst) × 10−11
. at 

68%. CL, which is the most precise measurement to date, and corresponds to 3.4σ . 

evidence for the existence of the decay channel [10]. 
The event sample selected in the PNN analysis has been used to search for 

evidence of the K+ → π+X . decay, where X is a dark scalar or pseudo-scalar. 
X can be stable, decay to other invisible particles or live long enough to decay 
outside the NA62 apparatus. This search proceeds under the assumption that all the 
events observed in the PNN signal regions correspond to the expected background— 
i.e., including the PNN events, which in this case constitute the main background 
source. As shown in Fig. 1 right, upper limits are established on BR(K+ → π+X). 

for different X mass and lifetime hypotheses. Further details can be found in Ref. 
[10]. 

3 K+ → π+e+e−e+e−
. 

In the SM, the K+ → π+e+e−e+e−
. decay proceeds mainly through the π+π0

. 

state followed by the double-Dalitz π0 → e+e−e+e−
. decay (“K2πDD .”), which is 

resonant and has a branching ratio BRmeas
2πDD = (6.9 ± 0.3) × 10−6

. [23]. This final 
state also features a non-resonant contribution (“Kπ4e .”), given by an intermediate 
state with a one-/two-photon exchange and with a branching ratio BRtheo

2πDD = (7.2±
0.7) × 10−11

. in the SM [17].
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Fig. 2 Upper limits at 90%. CL of the decay chains K+ → π+aa → π+e+e+e−e− . (left) and 
K+ → π+S → π+A A → π+e+e+e−e− . (right) as a function of the masses of the dark 
mediators involved. Reprinted under CC-BY-4.0 license from [17]. © 2023, The Author(s) 

The Kπ4e . channel is also a suitable probe for the dark sector. In particular, 
the decay might proceed through the K+ → π+aa . state, where a is a dark 
axion decaying into an electron-positron pair. Moreover, a scenario involving an 
intermediate state with a dark scalar S that decays into two dark photons A ., which 
in turn decay into an electron-positron pair each, is considered. 

The rather characteristic kinematics of the final state allows for this analysis 
to rely exclusively on the STRAW data, which prevents an approximately tenfold 
loss of signal acceptance. Omitting the information from the other detectors in 
the apparatus reduces the selectivity, which is feasible because strong kinematic 
constraints can be used. The K2πDD . channel is used for normalization, whereas 
the signal events are sought in the non-resonant part. Extensive details of the event 
selection procedure are provided in Ref. [17]. 

The analysis was performed on the 2017–2018 data. No signal candidates were 
observed within the signal selection cuts [17]. This corresponds to the upper limit 
BRmeas

π4e < 1.4 × 10−8
. at 90%. CL, which is ∼200. times larger than the SM 

expectation [17]. Upper limits were also estimated for decay chains initiating from 
axions and scalar dark-sector particles, as a function of the masses of the dark 
mediators involved: they are shown in Fig. 2. In particular, the QCD axion model 
is excluded as a possible explanation of the X17 observations [26]. 

4 K+ → μ−νe+e+
. 

Depending on the flavor of the neutrino, the K+ → μ−νe+e+
. (“Kμνee .”) decay 

violates conservation of either lepton flavour or both lepton flavour and lepton
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number. NA62 searched for evidence of this decay in the data collected between 
2016 and 2018. Details of the analysis can be found in Ref. [14]. 

No signal candidates were found within the signal selection box, which leads to 
the upper limit BRmeas

μνee < 8.1 × 10−11
. at 90%. CL [14]. This also corresponds to a 

250-fold improvement of the result of previous searches [19]. 

5 A → μ+μ−
. in Beam-Dump Mode 

A search for evidence of the A → μ+μ−
. decay, where A . is a dark photon with a 

mass ofO(100MeV)., can be made by running the NA62 experiment in dump mode. 
In this mode, which is described in detail in Ref. [16], the 400 GeV/c. protons from 
the Super Proton Synchrotron directly impinge on the fully-closed hadron beam 
collimators (TAXes—800 mm. of copper and 2400 mm. of iron). 

About 10 days of dump-mode run were performed in 2021. The resulting data 
were used to search for the aforementioned decay, as discussed in Ref. [16]. One 
event passed the signal selection criteria, which would correspond to a 2.4σ . global 
significance [16]. This event could be interpreted as background, as it is located 
close to the border of the signal selection cuts; indeed, the probability of background 
observation within the signal region is 1.6%. [16]. Overall, no evidence of the decay 
under study is established [16]. 

6 Conclusions and Outlook 

The NA62 experiment is currently very active in exploring the kaon sector. Firstly, 
the PNN decay channel, for which an evidence at the level of 3.4σ . was reached, 
is being thoroughly characterized. Moreover, numerous searches for NP through 
dark mediators, such as in K+ → π+X .,  in K+ → π+e+e−e+e−

. and in A →
μ+μ−

. (measured in dump mode), and lepton-flavour/number-violating processes 
like K+ → μ−νe+e+

. are being performed. Other searches done by the NA62 
experiment are discussed in Refs. [12, 13, 15]. No evidence of deviations from the 
SM have been found so far. 

At the same time, the HIKE (High Intensity Kaon Experiments) experiment 
[11, 24] is under development, with the aim of succeeding NA62 after the end of 
its operations, expected in late 2025, bringing charged-kaon measurements to an 
unprecedented sensitivity level and extending the kaon program at CERN to KL . 

physics.
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