Recent kaon decay results from NA62
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In this paper we describe the NA62 experiment, which is a fixed target experiment at CERN SPS
who aims at measuring the Branching Ratio of K + → π + ν ν̄ but also to study other rare kaon
decays. Important results such as advances in measuring the Branching Ratio of K + → π + ν ν̄,
the search for heavy neutral leptons and the search for lepton number violating kaon decays will
be shown.
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1. Introduction
Rare kaon decays have proven to be powerful tools for understanding the hadronic internal
processes and for testing various models predicting from symmetry violations to new particles.
The NA62 experiment was designed to directly measure the BR of the ultra-rare K + → π + ν ν̄
decay, but given the high Kaon flux and the different trigger mask operating in the experiment,
NA62 is capable of perform plenty of other searches. Recent results from the NA62 experiment
will be presented in the following Proceeding.

NA62 is the latest generation kaon experiment at the CERN SPS, aiming to measure the BR
of the ultra-rare K + → π + ν ν̄ decay with 10% accuracy, which requires a high kinematic rejection
power, effective photon and muon rejection and excellent particle identification. The layout of
the NA62 detector is shown in Fig. 1. A primary beam of protons extracted from the CERN
SPS is used to produce a secondary positive hadron beam with a central momentum of 75 GeV/c
and 1% momentum spread (rms). Kaons from the secondary beam are tagged by a differential
Cherenkov counter. Beam particle momenta are measured by a silicon pixel detector (GTK). A 75
m long fiducial decay volume in vacuum (FV) follows the last GTK station. In the decay region, a
spectrometer made of 4 chambers with straw tubes in vacuum and a dipole magnet measures track
directions and momenta (STRAW). Pions and muons are separated by a ring imaging Cherenkov
(RICH) detector and muon detectors (MUV1-3). A system of calorimeters (LKr, LAVs, IRC, SAC)
detects photons at different acceptances. The nominal instantaneous beam particle rate is 750 MHz,
mostly due to π + (70%), protons (23%) and K + (6%). About 11% of the kaons decay in the FV,
leading to about 5 MHz nominal K + rate in the FV. Details of the NA62 beam and detector can be
found in [1].

Figure 1: NA62 schematic side view of beam line and detector.

3. Kaon rare decay K + → π + ν ν̄
The K + → π + ν ν̄ decay is a Flavor Changing Neutral Current process forbidden at tree level
in the Standard Model (SM) and proceeding through penguin and box diagrams. It is highly sup1
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2. The NA62 detector
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pressed due to the quadratic GIM mechanism and the small value of the CKM element |Vtd |, which
makes it an ideal channel to search for physics beyond the SM (BSM) [2–7]. The SM prediction
is B(K + → π + ν ν̄) = (8.4 ± 1.0) × 10−11 [8] where the dominant sources of uncertainties are the
CKM parameters.
3.1 Signal selection

3.2 Results from the 2016 data
The signal acceptance A is determined from Monte-Carlo (MC) simulations, giving A=1% in
R1 and A=3% in R2. The number of kaon decays in the FV is measured from a sample of K + →
π + π 0 decays selected with control triggers and is approximated to be NK(2016) = (1.21 ± 0.04) ×
1011 . The single event sensitivity is SES = 1/(A · ε · NK ) = (3.15 ± 0.01stat ± 0.24syst ), where ε
takes into account the inefficiencies due to the trigger and the random veto caused by accidental
activity. Multiplying this number by the SM branching fraction of the K + → π + ν ν̄ decay, the
expected number of signal events is 0.267 ± 0.001stat ± 0.020sys ± 0.032ext . The contribution of the
K + → π + π − e+ ν decay to the background is evaluated using MC data with a sample of 600 decays,
which show a good agreement across the validation samples. The other background sources are
estimated using data-driven techniques and validated on control regions around the signal regions.
The upstream background is due to accidental activity in the detector and interactions of the beam
particles in the upstream detectors. It is effectively suppressed by geometrical cuts and by the cuts
in the kaon and pion tracks vertex. The background contributions are summarized in Table 1.
In March 2017 we declared the analysis finished and opened the blinded box. One event was
observed in R2, as shown in Fig. 2, corresponding to a p-value of 15% for the background only
hypothesis and an observed upper limit of B(K + → π + ν ν̄) < 14 × 10−10 at 95 % CL [9].
2

PoS(LHCP2019)040

The topology of the signal consists of only an incoming K + , and an outgoing π + . The detected
incoming track positively identified as a kaon and the outgoing (downstream) tracks associated in
time are used to reconstruct the decay vertex at their closest distance of approach. The longitudinal
position of the vertex is required to be located within a 50 m long decay region. The identification
of the downstream particle is performed by combining the RICH measurement with the output of
a multivariate classifier using the LKr and the hadronic calorimeters, providing a π + identification
efficiency of 64% for a µ + suppression of 1 × 108 . The remaining background consists mostly of
the K + → π + π 0 decay, which is suppressed by a factor of 3 × 108 thanks to the hermetic photon
veto system (LAV, LKr, IRC, SAC) which rejects with an efficiency better than the 99.99% level
the photons inside the detector.
The main kinematic variable for this analysis is the missing mass squared m2miss = (PK − Pπ )2 ,
which is computed in three ways using different combination of PK and Pπ measurements, to protect
against mis-reconstruction of the momenta. The kaon momentum p~K can be measured directly
with the GTK. The pion momentum p~π can be measured either with the STRAW or with the
RICH. The analysis is performed in two separate regions in the m2miss variables, on either side of
the K + → π + π 0 peak (R1 as [0-0.01]GeV 2 /c4 and R2 as [0.026-0.068]GeV 2 /c4 ). These limits
are defined by the missing mass squared resolution which is 10−3 GeV 2 /c4 . In both regions, the
π + momentum must be in the range 15 − 35GeV /c to ensure at least 40 GeV of electromagnetic
energy in the calorimeters and to optimize the RICH π + /µ + separation.
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Process
K + → π + π 0 (γ)
K + → µ + ν(γ)
K + → π + π − e+ ν
K+ → π +π +π 0
K + → π + γγ
Upstream Background
Total background

Expected events in signal regions
0.064 ± 0.007stat ± 0.006syst
0.20 ± 0.003stat ± 0.006syst
0.0013+0.017
−0.012 ± 0.009stat
0.002 ± 0.001stat ± 0.002syst
< 0.001
0.05+0.090
−0.030 |stat
0.152+0.092
−0.033 |stat ± 0.013syst

Figure 2: Reconstructed m2miss of the 2016 data as a function of the π + momentum for events satisfying
the K + → π + ν ν̄ selection [9]. The gray area corresponds to the distribution of MC signal events. The red
contours define the signal regions.

3.3 Preliminary Results 2017 Data
The analysis with 2017 data is ongoing, the signal and control areas are covered and will
be unblinded soon. Being largely similar to the 2016 analysis except that we expect a factor 10 of
improvement from statistics. Signal-over-background does not degrade with intensity. Considering
NK(2017) = (1.3 ± 0.1) × 1012 and SES = (0.34 ± 0.04) × 10−10 , the expected number of SM events
in 2017 is 2.5 ± 0.4 (Fig. 3).

4. Dark photons
An extension of the SM adding a new U(1) gauge-symmetry sector is one of the proposed
solutions to explain the abundance of dark matter in the universe. In the simplest realization of this
scenario [10,11], the vector mediator field A0 (dark photon) of mass MA0 associated to the new U(1)
interacts with the SM through a kinetic mixing term whose strength is given by the parameter ε.
3
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Table 1: Summary of the background estimates summed over the two signal regions for the analysis of the
2016 data-set [9].
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In such a case, it is possible for the A0 to be produced in the decay chain K + → π + π 0 , π 0 → A0 γ,
presumming that the A0 does not decay into SM particles inside the detector, a missing energy
signature might be a hint of its presence.
A search for an invisible dark photon A0 has been performed. The NA62 photon-veto rejection,
precisely studied in the context of the analyses for K + → π + ν ν̄ and for the search for π 0 decays to
invisible final states, is paramount for the A0 search (Fig. 6).
Detailed information about this analysis was reported [12] at this conference.

5. Heavy Neutral Leptons (HNL)
The Standard Model (SM) of particle physics requires an extension to explain, among other
things, neutral lepton masses. One of this SM extensions, the Neutrino Minimal Standard Model
(νMSM), proposes three massive, right-handed “sterile” neutrinos, also called heavy neutral leptons (HNL), which mix with the ordinary light “active” neutrinos, explaining also dark matter and
baryon asymmetry in the universe (BAU) [23]. The lightest HNL, with mass of O(10 keV/c2 )), is
a dark matter candidate. The other two HNL have masses of O(1 GeV/c2 ), produce the SM neutrino masses through the see-saw mechanisms and introduce extra CP violating phases to account
for BAU. A mixing matrix U describes the interactions between HNL and SM leptons. The mass
range and the small mixing angles predicted in the νMSM make HNL long lived, with mean free
paths of O(10 km) or longer, and production branching fractions of O(10−10 ) or smaller.
4
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Figure 3: Reconstructed m2miss of the 2017 data as a function of the π + momentum for events satisfying the
K + → π + ν ν̄ selection. The background analysis is under study and the signal regions are still blinded.
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The mixing between HNL (denoted N below) and active light neutrinos gives rise to HNL
production in meson decays, including K + → `+ N(` = e, µ) [24, 25].
NA62 perform a search for K + → `+ N decays in the HNL mass range 170-448 MeV/c2 using
a data sample collected with a minimum bias trigger at 1% of the nominal beam intensity, during
the first physics data-taking in 2015. The obtained upper limits on |U`4 |2 complement, and improve
on those obtained in earlier HNL production searches [26–30].
Upper limits have been established at the level between 10−6 and 10−7 on the HNL mixing parameters |Ue4 |2 and |Uµ4 |2 in the ranges 170−448MeV /c2 and 250−373MeV /c2 , respectively [31]
Fig. 5. This improves on the previous limits from HNL production searches over the whole mass
range considered for |Ue4 |2 , and above mN = 300MeV /c2 for |Uµ4 |2 [26].
See also the results reported in this congress talk in this congress [12].

6. Searches For Lepton Number Violating K + Decays (LFV)
The total Lepton Number is a conserved quantity in the SM. However, Lepton Number Violation (LNV) is predicted in some BSM models. The kaon decays K + → π − `+ `+ [` = e, µ] would
then be allowed and proceed via an intermediate mediator such as a Majorana Neutrino [32, 33].
Previous experimental results set the following limits at 90% CL on the branching fraction of such
channels: B(K + → π − e+ e+ ) < 6.4 × 10−10 [34] and B(K + → π − µ + µ + ) < 8.6 × 10−11 [35].
NA62 perform a search for these processes using a part of the K + decay in flight data sample
collected in 2016-18, corresponding to about 30% of the total statistics accumulated during that
period. A blind analysis procedure was adopted and an event selection, similar for both channels,
5

PoS(LHCP2019)040

Figure 4: Upper limit at 90% CL from NA62 [13] (red region) in the ε 2 vs MA0 plane with A0 decaying
into invisible final states. The limits from the BaBar [14] (blue) and NA64 [15] (light gray) experiments
are shown. The green band shows the region of the parameter space corresponding to an explanation of
the discrepancy between the measured [16] and expected values of the anomalous muon magnetic moment
(g − 2) [17] in terms of a contribution from the A0 in the quantum loops [18, 19]. The region above the
black line is excluded by the agreement of the anomalous magnetic moment of the electron (g − 2)e with its
expected value [20–22].
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was developed. In both cases the corresponding K + → π + `+ `− SM channel was used for normalization, which results in the first order cancellation of systematic uncertainties. In the ` = e
case, the number of kaon decays NK = (2.14 ± 0.07) × 1011 , the signal acceptance of 4.98% and
the expected number of background events of 0.16 ± 0.03 for 0 observed signal events result in an
upper limit on the branching fraction B(K + → π − e+ e+ ) < 2.2 × 10−10 at 90% CL (Fig. 6 left).
In the ` = µ case, the number of kaon decays NK = (7.94 ± 0.23) × 1011 , the signal acceptance of
9.81% and the expected number of background events of 0.91 ± 0.41 for 1 observed signal event
result in an upper limit on the branching fraction B(K + → π − µ + µ + ) < 4.2 × 10−11 at 90% CL
(Fig. 6 right) [36].

7. Conclusions
In this paper we presented in a condensed way the latest results in kaon research perform, by
the NA62 Collaboration. All the results presented in this proceeding are already published. NA62
continue collecting data during 2018 run. At the moment, this data is being prepared for analysis,
which will give a more precise measurement of the B(K + → π + ν ν̄). Other analysis are being
performed as well, covering all the allowed and not allowed K + decays, as well as searches in the
dark sector and using the experiment in Beam Dump Mode.
6
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Figure 5: Upper limits at 90% CL on |U4 |2 [31] obtained for each assumed HNL mass compared to the limits
established by earlier HNL production searches in π + decays: TRIUMF (1992) [26], PIENU (2017) [27]
and K + decays: KEK (1984) [28], E949 (2015) [29], NA62-2007 (2017) [30].
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