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The NA62 experiment at CERN reports new results from the analyses of rare kaon and pion
decays, using data samples from 2017-2018. A sample of 𝐾+ → 𝜋+𝛾𝛾 decays was collected
using a minimum-bias trigger for a measurement of the branching ratio, a study of the di-photon
mass spectrum, and the first search for production and prompt decay of an axion-like particle that
predominantly couples to gluons, in the process𝐾+ → 𝜋+𝑎with 𝑎 → 𝛾𝛾. A sample of 𝜋0 → 𝑒+𝑒−

decay candidates was collected using a dedicated di-electron trigger, and a preliminary result for
the branching fraction is presented and compared to previous measurements.
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1. The NA62 Experiment

The NA62 experiment is a fixed-target experiment designed to precisely measure the ultra-rare
decay 𝐾+ → 𝜋+𝜈𝜈̄, providing stringent tests of the Standard Model (SM) and probing for signs of
new physics. For a detailed description of the experiment, see [1]. The experiment has taken data
since 2016. In the first period from 2016 to 2018 (RUN1),∼ 6×1012𝐾+ decays were collected. After
upgrades, RUN2 started in 2021 and is approved to continue until the next CERN long shutdown.

Figure 1: Schematic side view of the NA62 beamline and detector used during RUN1 [1].

NA62 operates at the CERN Super Proton Synchrotron (SPS), using a high-intensity 400
GeV/c proton beam that hits a beryllium target, producing a secondary hadron beam containing
about 6% 𝐾+. The beam has momentum 75 ± 1 GeV/c and a nominal intensity of 750 MHz. The
detector (Fig. 1) has a total length of 270 m. A Cherenkov detector (KTAG) provides tagging and
time measurements for incoming kaons, it is followed by three silicon pixel stations which form a
beam spectrometer (GTK) to measure the kaon momenta. A magnetic spectrometer consisting of
four STRAW stations provides measurements of the momenta and directions of charged particles
produced in kaon decays in a 75 metre long fiducial volume. Particle identification is handled by
a Ring Imaging Cherenkov (RICH) detector with precise time resolution, a quasi-homogeneous
liquid krypton calorimeter (LKr), a two-module hadron calorimeter (MUV1 and MUV2), and a
muon counter (MUV3). A Large Angle Veto (LAV) and a Small Angle Veto (SAV), together
with the LKr, form a highly efficient photon-veto system, providing a hermetic coverage from 0 to
large angles (up to 50 mrad). Triggering conditions for charged final state particles are provided
by the signals in the quadrants of a scintillator hodoscope (CHOD). The setup is completed by a
scintillator detector (CHANTI) and a hadronic sampling calorimeter (HASC) to veto backgrounds
from multi-track kaon decays and inelastic interactions of the beam. The detectors operate at event
rates of about 10 MHz and have a time resolution of approximately 100 ps.

In addition to its main objective, the multiple trigger lines [3] and versatility of the experiment
allow NA62 to offer a broad physics program. This includes precision measurements for other rare
kaon and pion decays, and searches for forbidden decays and exotic particles. A measurement of
𝐾+ → 𝜋+𝛾𝛾 and a preliminary result on 𝜋0 → 𝑒+𝑒−, based on RUN1 data, are presented.
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2. Measurement of the 𝐾+ → 𝜋+𝛾𝛾 decay

Experimental studies of radiative kaon decays, such as 𝐾+ → 𝜋+𝛾𝛾 (𝐾𝜋𝛾𝛾), are well-suited for
testing Chiral Perturbation Theory (ChPT) predictions which describe low-energy QCD processes.
𝐾𝜋𝛾𝛾 is developed in ChPT at the leading 𝑂 (𝑝4) and the next-to-leading orders 𝑂 (𝑝6) [4–6]
using an unknown parameter 𝑐 and additional external parameters [7]. Here, we report on a new
measurement of the 𝐾𝜋𝛾𝛾 decay rate and spectrum, based on a sample of 3984 candidates with an
estimated background contamination of 291 ± 14 events collected in RUN1 [8].

In the analysis, 𝑧 = (𝑚𝛾𝛾/𝑚𝐾 )2 is used as the main kinematic variable where 𝑚𝛾𝛾 is the
reconstructed di-photon mass. The signal region is defined as 0.20 < 𝑧 < 0.51 while the effective
number of kaon decays, (5.55±0.03)×1010, is evaluated for 0.04 < 𝑧 < 0.20 which is dominated by
the normalization mode𝐾+ → 𝜋+𝜋0 with 𝜋0 → 𝛾𝛾. The main background source is𝐾+ → 𝜋+𝜋0(𝛾)
with 𝜋0 → 𝛾𝛾 process when the photons produce overlapping showers in the LKr leading to
the reconstruction of merged clusters. The background was estimated via simulations, and a
dedicated data sample was used to validate the cluster merging simulation. Fits for both 𝑂 (𝑝4)
and 𝑂 (𝑝4) + 𝑂 (𝑝6) to the 𝑧 distribution of the data clearly show that it is necessary to include
the 𝑂 (𝑝6) description (Fig. 2). The fit parameter 𝑐 from the 𝑂 (𝑝6) ChPT model is measured as
𝑐 = 1.144 ± 0.069stat ± 0.034syst. The branching ratio (B) for the full kinematic range, obtained
by extrapolating the 𝑂 (𝑝6) differential decay rate over the full 𝑧 region, is B(𝐾+ → 𝜋+𝛾𝛾) =

(9.614±0.150stat ±0.073syst) ×10−7. The model-independent branching ratio in the region 𝑧 > 0.2
is measured to be BMI(𝑧 > 0.2) = (9.461± 0.186stat ± 0.072syst) × 10−7 (Fig. 3 left). The measured
values of 𝑐 and B verify ChPT up to next-to-leading order, and are consistent with previous
measurements [9–11] providing the most precise measurement of B to date (see Fig. 3 right).
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Figure 2: Reconstructed 𝑧 spectrum of 𝐾𝜋𝛾𝛾 candidates compared with the signal and background in𝑂 (𝑝4)
(right) and 𝑂 (𝑝6) (left).

The first search for an axion-like particle (ALP), 𝑎, in 𝐾+ → 𝜋+𝑎 with 𝑎 → 𝛾𝛾 is conducted
using the same 𝐾+ → 𝜋+𝛾𝛾 events. A peak search over the mass range 𝑚𝑎 = 207 − 350 MeV/c2,
in steps of 0.5 MeV/c2, is performed. The mass resolution varies between 2.0 MeV/c2 and 0.2
MeV/c2. For each 𝑚𝑎 hypothesis, backgrounds are estimated using simulations, and upper limits
on the number of signal events are set (Fig. 4 left), assuming a prompt 𝑎 → 𝛾𝛾 decay. The
exclusion limits on the ALP production and its coupling to gluons, 1/ 𝑓𝐺 , are derived under the
BC11 scenario [12–14], with the ALP lifetime 𝜏𝑎 ∼ 𝑓 2

𝐺
(Fig. 4 right).
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Figure 3: Left: Comparison of the model-independent 𝐾𝜋𝛾𝛾 branching ratios with 𝑂 (𝑝6) fit. Right:
Comparison of the measured 𝐾𝜋𝛾𝛾 branching ratio with previous experiments.
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Figure 4: Left: Upper limits at 90% CL on B(𝐾+ → 𝜋+𝑎) × B(𝑎 → 𝛾𝛾) for a gluon-coupled and promptly
decaying ALP with their expected bands. Right: Excluded regions at 90% in the BC11 scenario parameter
space (𝑚𝑎,1/ 𝑓𝐺) [12–14]. Limits obtained from the present search and from earlier NA62 searches for
𝐾+ → 𝜋+𝑋𝑖𝑛𝑣 [2] and 𝜋0 → 𝑋𝑖𝑛𝑣 [15]. Other experimental limits [16] are shown in grey.

3. Measurement of the 𝜋0 → 𝑒+𝑒− decay

The 𝜋0 → 𝑒+𝑒− decay (𝜋𝑒𝑒) is O(107) suppressed with respect to 𝜋0 → 𝛾𝛾. A precise
branching ratio measurement of 𝜋𝑒𝑒 would be an ideal test of SM predictions, particularly for QED
corrections and meson structure. The leading order diagram proceeds via two virtual photons (𝜋0 →
𝛾∗𝛾∗ → 𝑒+𝑒−), making it a rare and loop-suppressed process. From an experimental perspective,
extra radiative photons may appear in the final state, and their contribution has to be considered in
the final branching ratio. The decay is characterized by the kinematic variable 𝑥 = 𝑚2

𝑒𝑒/𝑚2
𝜋0 with

𝑚𝑒𝑒 being the 𝑒+𝑒− invariant mass. The branching ratio B(𝜋0 → 𝑒+𝑒− (𝛾), 𝑥 > 𝑥cut) is measured
for values of 𝑥cut sufficiently large to suppress Dalitz decay, 𝜋0 → 𝑒+𝑒−𝛾, which dominates the
low-𝑥 region. At 𝑥cut = 0.95, the partial Dalitz decay branching ratio represents about 3.3% of
B(𝜋0 → 𝑒+𝑒− (𝛾)). The previous best measurement of the branching ratio was reported by the
KTeV experiment as BKTeV(𝜋0 → 𝑒+𝑒− (𝛾), 𝑥 > 0.95) = (6.44 ± 0.25 ± 0.22) × 10−8 [17]. By
applying the latest radiative corrections [18, 19], this result can be extrapolated to the branching
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ratio without final-state radiation, yielding BKTeV(𝜋0 → 𝑒+𝑒−, no-rad) = (6.84±0.35) ×10−8. This
value has a 2𝜎 discrepancy with the latest theoretical prediction, Btheory(𝜋0 → 𝑒+𝑒−, no-rad) =

(6.25 ± 0.03) × 10−8 [20]. With its capability to tag O(1010) 𝜋0 decays via 𝐾+ → 𝜋+𝜋0 and
reconstruct both 𝐾+ and 𝜋+, NA62 presents an excellent opportunity for a precise measurement of
the 𝜋𝑒𝑒 branching ratio.

Monte Carlo simulations containing the latest radiative corrections [18, 19] are used in the
analysis. The signal samples are chosen from 𝐾+ → 𝜋+𝜋0 with 𝜋0 → 𝑒+𝑒− (≡ 𝐾+ → 𝜋+𝜋0

𝑒𝑒).
The 𝐾+ → 𝜋+𝑒+𝑒− decay (𝐾𝜋𝑒𝑒) is used for normalization. The similar decay topology allows the
use of common selection criteria, which leads to the cancellation of several systematic effects. A
dedicated multi-track electron trigger line with approximately 90% total trigger efficiency, down-
scaled by a factor of 8, was used. The selection of the signal and the normalization events require
the identification of a three-track vertex using information from the STRAW, along with kinematic
constraints on the track momenta, and a time coincidence between CHOD and KTAG. Tracks were
identified as 𝜋+ if 𝐸/𝑝 < 0.9 and 𝑒+ 𝑒− as 0.9 < 𝐸/𝑝 < 1.1 where 𝐸 is the energy deposited in
LKr and 𝑝 is the momentum measured by the spectrometer. The invariant mass of the 𝑒+𝑒− pair,
𝑚𝑒𝑒, was required to be in the range of (130-140) MeV/c2 for the signal and (140-360) MeV/c2 for
the normalization events. The total invariant mass, 𝑚𝜋𝑒𝑒, is required to be in the (480-510) MeV/c2

range (Fig. 5 left).
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Figure 5: Left: Reconstructed 𝑚𝜋𝑒𝑒 distribution for normalization events. Right: Reconstructed 𝑚𝑒𝑒

distribution for events pass signal selection.

While the normalization selection is nearly background-free, the signal decay mode encounters
background contributions. These include the irreducible decay 𝐾𝜋𝑒𝑒, which is flat near the 𝜋0

mass, and 𝐾+ → 𝜋+𝜋0 with 𝜋0 → 𝛾𝑒+𝑒− (≡ 𝐾+ → 𝜋+𝜋0
𝐷

), contributing as a large-𝑥 tail of
the 𝜋0 Dalitz decay or from a photon conversion with a selected 𝑒± STRAW track. Another
source is the double Dalitz decay 𝐾+ → 𝜋+𝜋0 with 𝜋0 → 𝑒+𝑒−𝑒+𝑒− (≡ 𝐾+ → 𝜋+𝜋0

𝐷𝐷
) with

two undetected 𝑒±. The background is mitigated using STRAW hit information to reject 𝑒± from
photon conversions and by eliminating events with track segments reconstructed in the first two
STRAW chambers. The total number of normalization candidates is 12160, with an acceptance of
𝐴(𝐾𝜋𝑒𝑒) = 4.70(1)%. The effective number of 𝐾+ decays is (8.62±0.08stat±0.26ext) ×1011, where
the external uncertainty is from BPDG(𝐾𝜋𝑒𝑒) = (3.00±0.09) ×10−7 [21]. The signal acceptance for
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𝑥true > 0.95 is found as 𝐴(𝜋𝑒𝑒) = 5.72(2)%. The number of signal events is obtained by a maximum
likelihood fit of MC samples to the 𝑚𝑒𝑒 distribution (Fig. 5 right). As a result, 597 ± 29 signal
events are observed leading to a preliminary branching ratio of B(𝜋0 → 𝑒+𝑒− (𝛾), 𝑥 > 0.95) =

(5.86±0.30stat±0.11syst±0.19ext) ×10−8. After applying radiative corrections, the extrapolation to
the branching ratio without final-state radiation is B(𝜋0 → 𝑒+𝑒−, no-rad) = (6.22 ± 0.39) × 10−8.

The result has a precision comparable to the KTeV measurement, and the two results are
consistent. However, the central value of the NA62 preliminary result is lower and aligns with
theoretical expectations. The precision is expected to improve with RUN2 following improvements
in the multi-track electron trigger. Additionally, future work will focus on reducing external
uncertainties through new measurements of 𝐾+ → 𝜋+𝑒+𝑒−.
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