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1. Introduction

B (𝐾 + → ℓ + 𝑁) = B (𝐾 + → ℓ + 𝜈) · 𝜌ℓ (𝑚 𝑁 ) · |𝑈ℓ4 | 2 ,

(1)

where 𝑁 denotes an HNL, B (𝐾 + → ℓ + 𝜈) is the measured branching fraction of the SM leptonic
decay, |𝑈ℓ4 | 2 is the mixing parameter, 𝑚 𝑁 is the HNL mass, and 𝜌ℓ (𝑚 𝑁 ) is a kinematic factor
defined as
(𝑥 + 𝑦) − (𝑥 − 𝑦) 2 1/2
· 𝜆 (1, 𝑥, 𝑦),
(2)
𝜌ℓ (𝑚 𝑁 ) =
𝑥(1 − 𝑥) 2
with 𝑥 = (𝑚 ℓ /𝑚 𝐾 ) 2 , 𝑦 = (𝑚 𝑁 /𝑚 𝐾 ) 2 and 𝜆(𝑎, 𝑏, 𝑐) = 𝑎 2 + 𝑏 2 + 𝑐2 − 2(𝑎𝑏 + 𝑏𝑐 + 𝑎𝑐). The value of
𝜌ℓ (𝑚 𝑁 ) is 1 when 𝑚 𝑁 = 0, rises to a maximum of about 4 when 𝑚 𝑁 ≈ 250 MeV/𝑐2 , then quickly
falls to 0 as the kinematic limit 𝑚 𝑁 = 𝑚 𝐾 − 𝑚 ℓ is approached. With conservative assumptions on
the value of the mixing parameters, the HNL lifetime is expected to be more than 1𝜇s, making them
effectively stable for production searches.
A new light gauge boson has been proposed as an explanation of the muon 𝑔 − 2 anomaly [3].
A particular scenario, which also accommodates dark matter (DM) freeze-out, involves a scalar or
vector boson 𝑋 that couples preferentially to the muon. If 𝑚 𝑋 < 𝑚 𝐾 − 𝑚 𝜇 , the new particle is
expected to be produced in 𝐾 + → ℓ + 𝜈𝑋 decays with an estimated branching fraction of O (10−8 ).
The 𝑋 boson will subsequently decay with a sizeable invisible branching fraction [4]. In the light
DM freeze-out model the decay 𝑋 → 𝜒 𝜒 is expected, where 𝜒 is a dark matter candidate.
The strongest limit on the 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ branching fraction was set at B (𝐾 + → 𝜇+ 𝜈𝜈 𝜈)
¯ <
−6
2.4 × 10 at 90% CL by the BNL-E949 experiment [5]. This limit is several orders of magnitude
larger than the O (10−16 ) branching fraction expected in the SM, motivating further examination [6].
The NA62 experiment is located in the CERN North Area and uses a decay-in-flight technique
to study 𝐾 + decays [7]. An unseparated beam of positively charged kaons (6%), pions (70%) and
protons (23%) is obtained by impinging a proton beam extracted from the CERN SPS onto a fixed
beryllium target. The central beam momentum is 75 GeV/𝑐, with a momentum spread of 1% (rms).
The beam is directed through a kaon tagger (KTAG) and beam spectrometer (GTK) to measure
the properties of the incoming kaons, followed by a large vacuum tank in which a ∼ 75m fiducial
volume (FV) is defined. The products of kaon decays in the FV pass through a STRAW spectrometer
that measures the momenta of the charged decay products, follwed by a Ring Imaging Cherenkov
detector (RICH), two charged-particle hodoscopes (CHOD), a liquid krypton calorimeter (LKr),
and a muon detector system. In addition, the FV is surrounded by a hermetic photon veto system.
NA62 has collected more than 1012 𝐾 + decays during 3 years of operations in 2016-2018.
2
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All Standard Model (SM) fermions except neutrinos are known to exhibit right-handed chirality.
The existence of right-handed neutrinos, or heavy neutral leptons (HNLs), is hypothesised in
many SM extensions in order to generate non-zero masses of the SM neutrinos via the seesaw
mechanism. For example, the Neutrino Minimal Standard Model simultaneously accounts for dark
matter, baryogenesis, and neutrino masses and oscillations by postulating two HNLs in the MeV
− GeV mass range and a third HNL, a dark matter candidate, at the keV mass scale [1]. Mixing
between HNLs and active neutrinos gives rise to HNL production in decays of SM particles and
decays of HNLs into SM particles. The decay 𝐾 + → ℓ + 𝑁 (ℓ = 𝑒, 𝜇) has the branching fraction [2]
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This document reports the study of the 𝐾 + → ℓ + 𝑁, 𝐾 + → ℓ + 𝜈𝑋, and 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ decays
using the data set collected at NA62 [8, 9]. Each of the decays is characterised by a single positivelycharged lepton (𝑒, 𝜇) and missing energy. The 𝑁 particle is interpreted as a HNL, and results are
presented in terms of upper limits on the mixing parameter |𝑈ℓ4 | 2 under the assumption that the
HNL lifetime exceeds 50 ns. The 𝑋 particle is interpreted as a new boson, either vector or scalar,
and results are presented in terms of upper limits on the 𝐾 + → ℓ + 𝜈𝑋 branching fraction.

2. Event selection and measurement strategy

3
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Events that contain the signature of a 𝐾 + decay to a single-track final state were isolated in the NA62
data sample by selecting those that contained the track of a positively charged particle reconstructed
in the STRAW spectrometer. The excellent particle identification capabilities of the NA62 detector
were used to select those tracks produced by charged leptons. Positive muons were required to have:
the track momentum measured by the STRAW spectrometer (𝑝) to be within 5 − 70 GeV/𝑐; the ratio
of the energy deposited in the LKr (𝐸) to the particle momentum 𝑝 to be 𝐸/𝑝 < 0.2; and a hit in the
muon detector that is consistent with the reconstructed track in both time and position. Positrons
were required to have: the track momentum 𝑝 in the range 5 − 30 GeV/𝑐; the 𝐸/𝑝 in the range
0.92−1.08; and no hit in the muon detector that is consistent with the track in time and position. For
those charged leptons below 30 GeV/𝑐, a particle identification algorithm based on information from
the RICH detector was also applied to distinguish muons from positrons. Backgrounds from beam
pions were suppressed by requiring a 𝐾 + candidate reconstructed in the KTAG that is consistent in
time with the reconstructed lepton. The 𝐾 + track was reconstructed in the GTK, and events were
rejected if the reconstructed 𝐾 + track was not consistent in time and position with the reconstructed
lepton. The decay vertex was defined as the point of closest approach between the reconstructed
𝐾 + and lepton tracks. Background from 𝐾 + → 𝜇+ 𝜈 decays (with subsequent decay of the muon,
in the positron case) were suppressed by imposing a condition on the position of the decay vertex
as a function of the angle between the 𝐾 + momentum in the lab frame and the lepton momentum
in the 𝐾 + rest frame. Finally, backgrounds from multi-body 𝐾 + decays were suppressed by veto
conditions imposed on other tracks reconstructed by the STRAW spectrometer, additional energy
deposits in the LKr, energy deposits in the photon veto system, and additional signals in the CHOD.
As the incoming 𝐾 + and outgoing charged lepton are both reconstructed in the NA62 experi2
2
ment, the squared missing mass 𝑚 miss
can be precisely computed as 𝑚 miss
= 𝑃2𝐾 − 𝑃ℓ2 , where 𝑃2𝐾 ,ℓ
2
are the squared four-momenta of the 𝐾 + and charged lepton, respectively. The 𝑚 miss
distribution is
plotted in Fig. 2 for the positron case (left) and the muon case (right). The SM 𝐾 + → ℓ + 𝜈 decays
2
are seen as striking peaks at 𝑚 miss
= 0. The selection yielded 3.495 × 106 𝐾 + → 𝑒 + 𝜈 candidates
2
and 2.19 × 109 𝐾 + → 𝜇+ 𝜈 candidates. The 𝑚 miss
distribution of the positron candidates exhibits
2
a sharp increase at a threshold of around 𝑚 miss = 0.13 GeV2/𝑐4 due to background from beam
pion decays. The threshold at which this background appears depends simply on the maximum
positron momentum, hence, an ‘auxiliary’ selection was defined that imposed a maximum momentum requirement of < 20 GeV/𝑐 on the positron candidates. While the auxiliary criteria have lower
2
selection efficiency, it allows the 𝑚 miss
region just above 0.13 GeV2/𝑐4 to be probed without the
2
overwhelming pion decay background. Meanwhile, the 𝑚 miss
distribution of the muon candidates
exhibits a deficit of simulated events in the non-gaussian tails on the negative-side of the 𝐾 + → 𝜇+ 𝜈
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Figure 1: Reconstructed 𝑚 miss
distribution of 𝐾 + → 𝑒 + 𝜈 (left) and 𝐾 + → 𝜇+ 𝜈 (right) candidates in data
(black line) and simulated events (coloured areas), from [8] and [9], respectively.

2
Any 𝐾 + → ℓ + 𝑁 decays would appear as a peak on the positive side of the 𝑚 miss
distribution.
2
The HNL search is performed in just over 260 regions of 𝑚 miss , with the width of each region defined
2
as 1.5𝜎m , where 𝜎m is the 𝑚 miss
mass resolution at the given value of 𝑚 𝑁 . In the muon case the
search regions are distributed between 200 − 384 MeV/𝑐2 with centres separated by 1(0.5) MeV/𝑐2
below (above) 300 MeV/𝑐2 , while for the positron case, the search regions are distributed between
144 − 462 MeV/𝑐2 with centres separated by 𝜎m . The background in each search region is evaluated
2
by 2nd order polynomial fits to the data in the region between 1.5𝜎m < |𝑚 miss
− 𝑚 𝑁 | < 11.25𝜎m .
In the positron case, the auxiliary selection was used when close to the threshold of the pion decay
background to ensure good fits to the background were obtained. The number of events observed,
the expected background, and the uncertainty on the expected background, are used to compute the
upper limit on the number of 𝐾 + → ℓ + 𝑁 decays in each search region using the CLs method. The
limits obtained are shown in Fig. 2 for the positron case (left) and the muon case (right). The results
are also interpreted as limits on the mixing parameters |𝑈𝑒4 | 2 and |𝑈 𝜇4 | 2 , which are compared to
previous limits in Fig. 3.
2
The 𝑚 miss
distribution of the 𝐾 + → ℓ + 𝜈𝑋 and 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ decays are shown in Fig. 4 (left).
2 . In the 𝐾 + → ℓ + 𝜈𝑋 case, the mass
Both decays exhibit a broad spectrum of large positive 𝑚 miss
2
of the 𝑋 boson leads to a lower threshold at 𝑚 miss
= 𝑚 𝑋 . The search for the 𝑋 boson is performed
with 37 𝑚 𝑋 hypotheses equally spaced between 10 − 370 MeV/𝑐2 . Both scalar and vector bosons
are considered. For the 𝐾 + → ℓ + 𝜈𝑋 decay search with 𝑚 𝑋 in the range 320 − 270 MeV/𝑐2 , the
lower edge of the signal region (𝑚 02 ) is defined as 𝑚 02 = 𝑚 2𝑋 . For the 𝐾 + → ℓ + 𝜈𝑋 decay search
with 𝑚 𝑋 in the range 10 − 310 MeV/𝑐2 , as well as the search for the 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ decay, the signal

4
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Events / (0.002 GeV2/c 4)

2
𝑚 miss
distribution, resulting from the limited precision in the simulation of beam-particle pileup
and inefficiency in the GTK. Under the assumption that the non-gaussian tails are symmetric, a
‘tail’ component was added to the estimated background on the positive side, shown in orange in
Fig. 2 (right). This tail component was assigned a 100% systematic uncertainty.
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Figure 2: The observed number of events (blue line), the observed upper limit at 90% CL (red line), and
the expected limit (black dashed line) with its associated 1𝜎 and 2𝜎 bands (green, yellow coloured areas)
for the 𝐾 + → 𝑒 + 𝑁 (left) and 𝐾 + → 𝜇+ 𝑁 (right) searches, from [8] and [9], respectively.
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Figure 3: Observed upper limits at 90% CL on the mixing parameters |𝑈𝑒4 | 2 (left) and |𝑈 𝜇4 | 2 (right)
compared to the existing world knowledge, from [8] and [9], respectively.

region is defined from 𝑚 02 = 0.1 GeV/𝑐2 . Upper limits on B (𝐾 + → ℓ + 𝜈𝑋) are set using the CLs
method, with the expected background and its uncertainty evaluated using simulated events. These
limits are shown in Fig. 4 (right). The limits obtained in the scalar model are stronger due to the
2
larger mean 𝑚 miss
value. In the search for the 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ decay, 6894 events are observed in the
signal region, with an expected background of 7549 ± 928 events. This leads to an observed limit
of B (𝐾 + → 𝜇+ 𝜈𝜈 𝜈)
¯ < 1.0 × 10−6 at 90% CL, improving on the previous most stringent limit by a
2 .
factor of 2.4 in a complementary range of 𝑚 miss
5
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Figure 4: Left panel: expected 𝑚 miss
distribution of 𝐾 + → 𝜇+ 𝜈𝜈 𝜈¯ decays (blue line) and 𝐾 + → ℓ + 𝜈𝑋
2
decays with two 𝑚 𝑋 hypotheses (pink lines), overlaid on the reconstructed 𝑚 miss
distribution of 𝐾 + → 𝜇+ 𝜈
candidates in data (black line) and simulated events (coloured areas), from [9]. Right panel: observed upper
limit on B (𝐾 + → ℓ + 𝜈𝑋) as a function of 𝑚 𝑋 , assuming a scalar (red points) or vector (blue points) 𝑋 boson,
from [9].

3. Summary
Improved limits at the level of 10−9 were set on the HNL mixing parameter |𝑈𝑒4 | 2 in the mass
range 144 − 462 MeV/𝑐2 . These are the world’s best limits in this mass range, which excludes the
region favoured by Big Bang Nucleosynthesis (BBN) up to ∼ 340 MeV/𝑐2 . Improved limits were
also set on the HNL mixing parameter |𝑈 𝜇4 | 2 at the level of 10−8 in the mass range 200 − 384
MeV/𝑐2 , which constitute the world’s best limits on this parameter above 300 MeV/𝑐2 . The first
ever limits were set on the branching fraction of the 𝐾 + → ℓ + 𝜈𝑋 decay, with 𝑋 either a scalar or
vector boson with mass in the range 10 − 370 MeV/𝑐2 that decays to invisible particles. Finally, the
limit of B (𝐾 + → 𝜇+ 𝜈𝜈 𝜈)
¯ < 1.0 × 10−6 was set at 90% CL, improving on earlier limits and probing
2 .
a complementary region of 𝑚 miss

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

T. Asaka and M. Shaposhnikov, Phys. Lett. B 620 (2005) 17.
R. Shrock, Phys. Lett. B 96 (1980) 159; Phys. Rev. D 24 (1981) 1232.
S.N. Gninenko and N.V. Krasnikov, Phys. Lett. B 513 (2001) 119.
G. Krnjaic et al., Phys. Rev. Lett. 124 (2020) 041802.
A.V. Artamomov et al., Phys. Rev. D 94 (2016) 032012.
D. Gorbunov and A. Mitrofanov, J. High Energy Phys. 1610 (2016) 039.
E. Cortina Gil et al., J. Instrum. 12 (2017) P05025.
E. Cortina Gil et al., Phys. Lett. B 807 (2020) 135599.
E. Cortina Gil et al., Phys. Lett. B 816 (2021) 136259.

6

PoS(EPS-HEP2021)686

K+→µ+ννν

