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▶ Heavy	Neutral	Leptons	
▶ The	NA62	Beam	and	Detector	

▶ Search	for	HNLs	in	K+	➞	e+N	and	K+	➞	µ+N.	

▶ Search	for	K+	➞	µ+ννν̄	and	K+	➞	µ+ν	X.
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Fig. 4. Left: observed number of events Nobs, observed upper limit at 90% CL of the number of signal events NS , and expected ±1σ and ±2σ bands of the upper limit in 
the null hypothesis for each HNL mass value considered. Right: single event sensitivity values of BSES(K + → µ+N) (dashed line) and |Uµ4|2SES (solid line) as functions of the 
assumed HNL mass. Boundaries of the HNL search region are indicated by vertical arrows.

Fig. 5. Upper limits at 90% CL of |Uµ4|2 obtained for each assumed HNL mass, 
compared to the upper limits established by earlier HNL production searches in 
K + → µ+N decays at NA62 [16], BNL-E949 [19], OKA [20] and KEK [21]. The lower 
boundary of |Uµ4|2 imposed by the BBN constraint [22] is shown by a dashed line.

second-order polynomial fit to the sideband data of the mmiss spec-
trum, where the bin size is 0.75σm . The uncertainty, δNexp, in the 
number of expected background events includes statistical and sys-
tematic components. The former comes from the uncertainties in 
the fit parameters, while the latter is evaluated as the difference 
between values of Nexp obtained from fits using second and third 
order polynomials. The dominant contribution to δNexp is statisti-
cal, although systematic uncertainties become comparable as mN
approaches the boundaries of the HNL search region. Systematic 
errors due to possible HNL signals in the sidebands are found to be 
negligible; this check is made assuming |Uµ4|2 to be equal to the 
expected sensitivity of the analysis. The uncertainty in the back-
ground estimate, δNexp/Nexp, increases from 1–2% for mN below 
300 MeV/c2 to 10% at the upper limit of the HNL search region.

The signal selection acceptance, AN , as a function of mN ob-
tained with simulations assuming infinite HNL lifetime is displayed 
in Fig. 3 (right). The acceptance for a mean lifetime of 50 ns (con-
sidering decays to detectable particles) is lower by O(1%) in rela-
tive terms, making the results of the search valid for lifetimes in 
excess of 50 ns. For shorter lifetimes, the HNL mean decay length 
in the laboratory frame becomes comparable to or smaller than 

Fig. 6. Summary of upper limits at 90% CL of |Ue4|2 (red solid lines) and |Uµ4|2
(blue solid lined) obtained from HNL production searches in K + decays: this anal-
ysis, NA62 [16,17], BNL-E949 [19], OKA [20], KEK [21]; and in π+ decays: TRI-
UMF [23], PIENU [24]. The lower boundaries of |Ue4|2 and |Uµ4|2 imposed by the 
BBN constraint [22] are shown by the lower and upper dashed lines, respectively.

the length of the apparatus. Acceptances for lifetimes of 5 (1) ns 
decrease by factors up to 2 (10), depending on mN . Simulations 
reproduce the m2

miss resolution at the K + → µ+ν peak to a 1% 
relative precision. Modelling of the resolution outside the peak is 
validated using data and simulated K + → π+π+π− decay sam-
ples; the corresponding systematic effects on AN do not exceed 2% 
in relative terms [17].

The number of observed events, Nobs, within the signal window 
and the quantities Nexp and δNexp are used to compute the local 
signal significance for each mass hypothesis. It is found that the 
significance never exceeds 3 standard deviations, therefore no HNL 
production signal is observed. Upper limits at 90% CL of the num-
ber of K + → µ+N decays, N S , in each HNL mass hypothesis are 
evaluated from the quantities Nobs, Nexp and δNexp using the CLS
method [18]. The values of Nobs, the observed upper limits of N S , 
and the expected ±1σ and ±2σ bands of variation of N S in the 
null (i.e. background-only) hypothesis are shown in Fig. 4 (left).

The single-event sensitivity (SES) branching fraction BSES(K + →
µ+N) and mixing parameter values |Uµ4|2SES, corresponding to the 
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.
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Fig. 1. Schematic side view of the NA62 beamline and detector.

planes. Downstream of the FV, undecayed beam particles continue 
their path in vacuum.

Momenta of charged particles produced by K + decays in the FV 
are measured by a magnetic spectrometer (STRAW) located in the 
vacuum tank downstream of the FV. The spectrometer consists of 
four tracking chambers made of straw tubes, and a dipole magnet 
(M) located between the second and third chambers and provid-
ing a horizontal momentum kick of 270 MeV/c. The momentum 
resolution achieved is σp/p = (0.30 ⊕ 0.005 · p)%, where the mo-
mentum p is expressed in GeV/c.

A ring-imaging Cherenkov detector (RICH), consisting of a 
17.5 m long vessel filled with neon at atmospheric pressure (with 
a Cherenkov threshold for muons of 9.5 GeV/c), is used for the 
identification of charged particles and time measurements with 
70 ps precision (for positrons). Two scintillator hodoscopes (CHOD, 
which include a matrix of tiles and two orthogonal planes of slabs, 
arranged in four quadrants) downstream of the RICH provide trig-
ger signals and time measurements with 200 ps precision.

A 27X0 thick quasi-homogeneous liquid krypton (LKr) electro-
magnetic calorimeter is used for particle identification and pho-
ton detection. The calorimeter has an active volume of 7 m3, is 
segmented in the transverse direction into 13248 projective cells 
of approximately 2 × 2 cm2, and provides an energy resolution 
σE/E = (4.8/

√
E ⊕ 11/E ⊕ 0.9)%, where E is expressed in GeV. To 

achieve hermetic acceptance for photons emitted in K + decays in 
the FV at angles up to 50 mrad to the beam axis, the LKr calorime-
ter is supplemented by annular lead glass detectors (LAV) installed 
in 12 positions in and downstream of the vacuum tank, and two 
lead/scintillator sampling calorimeters (IRC, SAC) located close to 
the beam axis. An iron/scintillator sampling hadronic calorimeter 
formed of two modules (MUV1,2) and a muon detector (MUV3) 
consisting of 148 scintillator tiles located behind an 80 cm thick 
iron wall are used for particle identification.

The data sample used for the analysis is obtained from 0.79 ×
106 SPS spills recorded during 360 days of operation in 2017–2018, 
at a typical beam intensity of 2.2 × 1012 protons per spill cor-
responding to a mean beam particle rate at the FV entrance of 
500 MHz, and a mean K + decay rate in the FV of 3.7 MHz. The 
trigger used for the K + → πνν̄ measurement [7], consisting of 
both hardware (L0) and software (L1) stages, is used for the anal-
ysis. Overall trigger efficiency for single positrons with momenta 
below 30 GeV/c is measured to be (90 ± 4)% using data samples.

2. Event selection

Assuming an HNL lifetime exceeding 50 ns, and considering 
that the HNL produced in K + → e+N decays would be boosted 
by a Lorentz factor of O(100), HNL decays in flight into SM par-

ticles in the 156 m long volume between the start of the FV and 
the last detector (SAC) can be neglected (Section 5). Therefore the 
K + → e+N decay is characterized by a single positron in the final 
state, similarly to the SM K + → e+ν decay. The principal selection 
criteria follow.

• A positron track reconstructed in the STRAW spectrometer 
with momentum in the range 5–30 GeV/c is required. The 
momentum is restricted to this range, because the L0 trigger 
required that the total energy deposited in the LKr not exceed 
30 GeV. The track’s trajectory through the STRAW chambers 
and its extrapolation to the LKr calorimeter, CHOD and MUV3 
should be within the fiducial geometrical acceptance of these 
detectors. The positron time is evaluated as the mean time of 
the RICH signals spatially associated with the track.

• Backgrounds due to particle misidentification are suppressed 
to a negligible level by applying the following particle identi-
fication criteria to the single track: the ratio of energy, E , de-
posited in the LKr calorimeter to momentum, p, measured by 
the STRAW spectrometer is required to be 0.92 < E/p < 1.08; 
a particle identification algorithm based on the RICH signal 
pattern within 3 ns of the positron RICH time is applied; no 
signal in the MUV3 detector spatially consistent with the pro-
jected track impact point and within 4 ns of the positron time 
is allowed.

• Backgrounds from beam pion decays (mainly π+ → e+ν , and 
to a lesser extent π+ → µ+ν followed by muon decay µ+ →
e+νν̄) are suppressed by requiring a kaon signal in the KTAG 
detector within 1 ns of the positron time.

• Identification of the K + track in the GTK relies on the time 
difference, $tGK, between a GTK track and the KTAG signal, 
and spatial compatibility of the GTK and STRAW tracks quan-
tified by the distance, d, of closest approach. A discriminant 
D($tGK, d) is defined using the $tGK and d distributions mea-
sured with K + → π+π+π− decays. Among GTK tracks with 
|$tGK| < 0.5 ns, the track of the parent kaon is assumed to be 
the one giving the D value most consistent with a K + → e+

decay. It is also required that d < 4 mm to reduce the back-
ground from K + → µ+ν decays in the FV followed by muon 
decay µ+ → e+νν̄ . The decay vertex is defined as the point 
of closest approach of the GTK and STRAW tracks, taking into 
account the stray magnetic field in the vacuum tank.

• Background from K + → µ+ν decays upstream of GTK3 fol-
lowed by µ+ decays in the FV arises from pileup in the GTK, 
and is suppressed by geometrical conditions. Namely, the re-
constructed K + decay vertex is required to be located in the 
FV at a minimum distance from the start of the FV, varying 
from 2 m to 12 m depending on the angle between the K +
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LNV and LFV
Ø Heavy neutral leptons: three right-handed (sterile) neutrinos Ni are added to the SM, they mix 

with classical neutrinos:

Ø to account for neutrino masses and oscillations, for the evidence of Dark Matter and for the 
baryon asymmetry of the universe.

Ø The neutrino minimal Standard Model extension (nMSM) considers mass ranges and couplings:
([Asaka, Blanchet, Shaposhnikov, PLB 631 (2005) 151])
• N1: m1 ~ 10 keV/c2 — dark matter candidate
• N2,3: m2,3 ~ 100 MeV/c2 — 100 GeV/c2

• Yukawa couplings in the range 10-11 to 10-6

Ø If HNLs exist, they should be produced in every process containing active neutrinos with a 
branching fraction proportional to the mixing parameters |Uℓ4|2 ; here considering k = 1

At NA62, via Kaon decays, HNL production and decay searches.

Heavy Neutral Leptons (HNL)
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Heavy	Neutral	Leptons	(HNLs)	and	the	νMSM

Standard	Model	very	successful,	but	fails	to	explain:	
▶ Neutrino	masses	
▶ Baryon	asymmetry	
▶ Dark	matter	

➜		νMSM	extension	(„neutrino	minimal	SM	extension“,																																																																										
Asaka,	Shaposhnikov,	PLB	620	(2005)	17):	
▶ Introduce	3	right-handed	(sterile)	neutrinos	Ni																																																																																																					

which	may	mix	with	the	classical,	active	neutrinos.	
▶ See-saw	mechanism	with	lightest	N1	mass	of	𝒪(10	keV)		➞		dark	matter	candidate.		

N2	and	N3	masses	of	𝒪(100	MeV	-	100	GeV).	
▶ Yukawa	couplings	in	the	range	10–11	to	10–6.
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If	HNLs	exist,	they	would	be	produced	in	processes	containing	active	neutrinos	with	a	
rate	proportional	to	the	mixing	parameters	|Ul4|2		(only	considering	k	=	1	here).	
▶ Masses	up	to	0.5	GeV	are	observable	in	Kaon	decays.	
▶ Master	formula:	(Shrock,	PLB	96	(1980)	159)	

➜	 Kinematic	factor	effectively	cancels																																																																																		
helicity	suppression	in	electron	channel!	

➜	 Branching	fractions	K+	➞	HNLs		=		𝒪(mixing	parameter)

HNL	Production	in	K+	Decays

4

Physics Letters B 807 (2020) 135599

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Search for heavy neutral lepton production in K + decays to positrons

.The NA62 Collaboration

a r t i c l e i n f o a b s t r a c t

Article history:
Received 20 May 2020
Received in revised form 19 June 2020
Accepted 28 June 2020
Available online 2 July 2020
Editor: L. Rolandi

A search for heavy neutral lepton (N) production in K + → e+N decays using the data sample collected by 
the NA62 experiment at CERN in 2017–2018 is reported. Upper limits of the extended neutrino mixing 
matrix element |Ue4|2 are established at the level of 10−9 over most of the accessible heavy neutral 
lepton mass range 144–462 MeV/c2, with the assumption that the lifetime exceeds 50 ns. These limits 
improve significantly upon those of previous production and decay searches. The |Ue4|2 range favoured 
by Big Bang Nucleosynthesis is excluded up to a mass of about 340 MeV/c2.

 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

0. Introduction

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 [1]. For example, the Neu-
trino Minimal Standard Model [2] simultaneously accounts for dark 
matter, baryogenesis, and neutrino masses and oscillations by pos-
tulating two HNLs in the MeV–GeV mass range and a third HNL, a 
dark matter candidate, at the keV mass scale.

Mixing between HNLs (also denoted N below) and active neu-
trinos gives rise to HNL production in decays of SM particles and 
decays of HNLs into SM particles. Both classes of processes can in 
principle be detected experimentally. The expected branching frac-
tion of the K + → !+N decay (! = e, µ) is [3]

B(K + → !+N) = B(K + → !+ν) · ρ!(mN) · |U!4|2, (1)

where B(K + → !+ν) is the measured branching fraction of the 
SM leptonic decay, |U!4|2 is the mixing parameter, mN is the HNL 
mass, and ρ!(mN ) is a kinematic factor:

ρ!(mN) = (x + y) − (x − y)2

x(1 − x)2 · λ1/2(1, x, y), (2)

with x = (m!/mK )2, y = (mN/mK )2 and λ(a, b, c) = a2 + b2 + c2 −
2(ab + bc + ac). By definition, ρ!(0) = 1. Numerically, the prod-
uct B(K + → !+ν) · ρ!(mN ) is O(1) over most of the allowed mN
range; it drops to zero at the kinematic limit mN = mK −m! and, in 
the positron case, reduces to B(K + → e+ν) = 1.582(7) × 10−5 [4]
for mN → 0 due to helicity suppression.

The lifetime of an HNL with mass mN < mK and decaying exclu-
sively into SM particles will exceed 10−4/|U4|2 µs, where |U4|2 is 
the largest of the three coupling parameters U 2

!4 (! = e, µ, τ ) [5]. 

Assuming conservatively that |U!4|2 < 10−4, the lifetime exceeds 
1 µs and HNLs can be considered stable in production-search ex-
periments.

A search for K + → e+N decays in the HNL mass range 
144–462 MeV/c2 using the data collected by the NA62 experiment 
at CERN in 2017–2018 is reported. The results, which assume the 
HNL lifetime exceeds 50 ns, are presented as upper limits of |Ue4|2
at 90% CL for a number of mass hypotheses.

1. Beam, detector and data sample

The layout of the NA62 beamline and detector [6] is shown 
schematically in Fig. 1. An unseparated secondary beam of π+

(70%), protons (23%) and K + (6%) is created by directing 400 GeV/c
protons extracted from the CERN SPS onto a beryllium target in 
spills of 3 s effective duration. The central beam momentum is 
75 GeV/c, with a momentum spread of 1% (rms).

Beam kaons are tagged with 70 ps time resolution by a dif-
ferential Cherenkov counter (KTAG) using nitrogen gas at 1.75 bar 
pressure contained in a 5 m long vessel as radiator. Beam particle 
positions, momenta and times (to better than 100 ps resolution) 
are measured by a silicon pixel spectrometer consisting of three 
stations (GTK1,2,3) and four dipole magnets. A muon scraper (SCR) 
is installed between GTK1 and GTK2. A 1.2 m thick steel colli-
mator (COL) with a central aperture of 76 × 40 mm2 and outer 
dimensions of 1.7 × 1.8 m2 is placed upstream of GTK3 to absorb 
hadrons from upstream K + decays (a variable aperture collimator 
of 0.15 × 0.15 m2 outer dimensions was used up to early 2018). 
Inelastic interactions of beam particles in GTK3 are detected by an 
array of scintillator hodoscopes (CHANTI) located just after GTK3. 
The beam is delivered into a vacuum tank evacuated to a pressure 
of 10−6 mbar, which contains a 75 m long fiducial decay volume 
(FV) starting 2.6 m downstream of GTK3. The beam divergence at 
the FV entrance is 0.11 mrad (rms) in both horizontal and vertical 

https://doi.org/10.1016/j.physletb.2020.135599
0370-2693/ 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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The	NA62	Experiment

Fixed	target	Kaon	experiment	at	the	CERN	SPS.	
▶ About	200	participants	
▶ Main	goal:	Measurement	of	K+	➞	π+νν̄	
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Detectors	for	Secondary	Beam	
• Kaon	ID	(KTAG)	
• Beam	Tracker	
• Beam	guard	ring	(CHANTI)
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Data	Collection

Statistics,	up	to	CERN	Long	Shutdown	2:	
▶ 2016:				30	days,		40%	of	nominal	intensity,		2	×	1011	useful	kaon	decays.	
▶ 2017:		161	days,		60%	of	nominal	intensity,		2	×	1012	useful	kaon	decays.	
▶ 2018:		217	days,		60%	of	nominal	intensity,		4	×	1012	useful	kaon	decays.	

Trigger	streams:	
▶ K+	➞	π+νν̄	trigger:						1	track,	γ/µ	veto,	used	for	e+	channels.	No	downscaling.	
▶ Control	trigger/400:			Single	charged	particle	in	the	CHOD	acceptance	(minimum	bias),																	

	 	 																			used	for	µ+	channels.	Downscaled	by	D	=	400.
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Search	for	K+	➞	e+N	and	K+	➞	µ+N

Measurement	of	squared	missing	mass																																																																																																						
from	K+	and	lepton	4-momenta:						

➜ HNL	signal:		sharp	peak	in	m2
miss	spectra.	

Selections	&	reconstruction	fairly	simple:	
▶ K+	and	l+	reconstruction	&	matching.		
▶ Powerful	particle	ID	(RICH,	LKr,	MUV).	
▶ Vetoing	of	extra	activity.

10

	m2
miss		=		(pK+	–	plepton)2		

																			=			mass2	of	invisible	particle

Search	for	K+	➞	µ+NThe NA62 Collaboration Physics Letters B 816 (2021) 136259

Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.
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SM	
region

HNL	search	region
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2
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miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.
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time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
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within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2
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structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
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Fig. 2. Left: reconstructed squared missing mass (m2
miss) distributions for data and simulated events after the selection described in Section 2. Decays to muons contribute 

via muon decays in flight. The boundaries of the SM signal region (upper arrows) and the HNL search region (lower arrows) are defined in Sections 2 and 5. Right: the ratio 
of data and simulated m2

miss spectra. The statistical uncertainties shown are dominated by those of the simulated spectra.

momentum in the laboratory frame and the positron momen-
tum in the K + rest frame.

• Backgrounds from multi-body K + decays are suppressed by 
veto conditions. The positron track must not form vertices 
with any other STRAW track. LKr energy deposition clusters 
not spatially compatible with the positron track within 8 ns of 
the positron time are not allowed. Activity in the large-angle 
(LAV) and small-angle (SAC, IRC) photon veto detectors within 
3 ns of the positron time is forbidden. Activity in the CHANTI 
detector within 4 ns of the positron time is not allowed; more 
than two signals in the CHOD tiles within 6 ns of the positron 
time and not spatially associated with the positron are also not 
allowed. Data loss due to the veto conditions from accidental 
activity (“random veto”) averaged over the sample is measured 
to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pe)

2, 
where P K and Pe are the kaon and positron 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW detectors 
and using the K + and e+ mass hypotheses.

Simulation of particle interactions with the detector and its re-
sponse is performed with a Monte-Carlo simulation package based 
on the Geant4 toolkit [8]. The m2

miss spectra of the events se-
lected from data and simulated samples, and their ratio, are dis-
played in Fig. 2. The signal from the SM leptonic decay K + → e+ν
is observed as a peak at m2

miss = 0 with a resolution of 1.7 ×
10−3 GeV2/c4. The simulation is tuned to reproduce this resolu-
tion to a 1% relative precision. The SM signal region is defined 
in terms of the reconstructed squared missing mass as |m2

miss| <
0.01 GeV2/c4.

3. Measurement principle

A peak-search procedure measures the K + → e+N decay rate 
with respect to the K + → e+ν rate for an assumed HNL mass mN . 
This approach benefits from first-order cancellations of residual de-
tector inefficiencies not fully accounted for in simulations, as well 
as trigger inefficiencies and random veto losses, common to sig-
nal and normalization modes. The expected number of K + → e+N
signal events N S can be written as

N S = B(K + → e+N)/BSES(K + → e+N) = |Ue4|2/|Ue4|2SES, (3)

where the branching fraction BSES(K + → e+N) and the mixing pa-
rameter |Ue4|2SES corresponding to the observation of one signal 
event, the single event sensitivity (SES), are defined as

BSES(K + → e+N) = 1
NK · AN

and

|Ue4|2SES = BSES(K + → e+N)

B(K + → e+ν) · ρe(mN)
, (4)

where NK is the number of K + decays in the FV, AN is the signal 
selection acceptance, and the kinematic factor ρe(mN) is defined 
in Eq. (2).

The number of K + decays in the FV is evaluated using the 
number of K + → e+ν candidates reconstructed in the data sam-
ple. Data losses due to trigger efficiencies and random vetoes are 
included in the NK definition, which makes the value of NK spe-
cific to this analysis. The dominant background due to K + → µ+ν
decay followed by µ+ → e+νν̄ decay (0.08% in relative terms) is 
taken into account. Other backgrounds, including the contribution 
from K + → µ+ν decay with a misidentified muon, are negligible.

The number of K + decays is computed as

NK = NSM

Ae · B(K + → e+ν) + Aµ · B(K + → µ+ν)

= (3.52 ± 0.02) × 1012,

where NSM = 3.495 × 106 is the number of selected data events 
in the SM signal region; Ae = (6.27 ± 0.02stat) × 10−2 and Aµ =
(1.24 ± 0.19stat) × 10−9 are the acceptances of the selection for 
the K + → e+ν decay and the K + → µ+ν decay (followed by 
muon decay) evaluated with simulations; and B(K + → e+ν) =
(1.582 ± 0.007) × 10−5 and B(K + → µ+ν) = 0.6356 ± 0.0011 are 
the branching fractions of these decays [4]. The uncertainty quoted 
in NK is due to the precision of the external input B(K + → e+ν)
and the statistical and systematic accuracy of the simulation. The 
systematic uncertainty is evaluated by varying the selection crite-
ria.

4. Background evaluation with simulations

The search procedure is based on a data-driven estimation of 
the background to K + → e+N decays, which is valid in the ab-
sence of peaking signal-like background structures in the recon-
structed mass spectrum. Simulations are used to understand the 
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Fig. 2. Left: reconstructed squared missing mass (m2
miss) distributions for data and simulated events after the selection described in Section 2. Decays to muons contribute 

via muon decays in flight. The boundaries of the SM signal region (upper arrows) and the HNL search region (lower arrows) are defined in Sections 2 and 5. Right: the ratio 
of data and simulated m2

miss spectra. The statistical uncertainties shown are dominated by those of the simulated spectra.

momentum in the laboratory frame and the positron momen-
tum in the K + rest frame.

• Backgrounds from multi-body K + decays are suppressed by 
veto conditions. The positron track must not form vertices 
with any other STRAW track. LKr energy deposition clusters 
not spatially compatible with the positron track within 8 ns of 
the positron time are not allowed. Activity in the large-angle 
(LAV) and small-angle (SAC, IRC) photon veto detectors within 
3 ns of the positron time is forbidden. Activity in the CHANTI 
detector within 4 ns of the positron time is not allowed; more 
than two signals in the CHOD tiles within 6 ns of the positron 
time and not spatially associated with the positron are also not 
allowed. Data loss due to the veto conditions from accidental 
activity (“random veto”) averaged over the sample is measured 
to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pe)

2, 
where P K and Pe are the kaon and positron 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW detectors 
and using the K + and e+ mass hypotheses.

Simulation of particle interactions with the detector and its re-
sponse is performed with a Monte-Carlo simulation package based 
on the Geant4 toolkit [8]. The m2

miss spectra of the events se-
lected from data and simulated samples, and their ratio, are dis-
played in Fig. 2. The signal from the SM leptonic decay K + → e+ν
is observed as a peak at m2

miss = 0 with a resolution of 1.7 ×
10−3 GeV2/c4. The simulation is tuned to reproduce this resolu-
tion to a 1% relative precision. The SM signal region is defined 
in terms of the reconstructed squared missing mass as |m2

miss| <
0.01 GeV2/c4.

3. Measurement principle

A peak-search procedure measures the K + → e+N decay rate 
with respect to the K + → e+ν rate for an assumed HNL mass mN . 
This approach benefits from first-order cancellations of residual de-
tector inefficiencies not fully accounted for in simulations, as well 
as trigger inefficiencies and random veto losses, common to sig-
nal and normalization modes. The expected number of K + → e+N
signal events N S can be written as

N S = B(K + → e+N)/BSES(K + → e+N) = |Ue4|2/|Ue4|2SES, (3)

where the branching fraction BSES(K + → e+N) and the mixing pa-
rameter |Ue4|2SES corresponding to the observation of one signal 
event, the single event sensitivity (SES), are defined as

BSES(K + → e+N) = 1
NK · AN

and

|Ue4|2SES = BSES(K + → e+N)

B(K + → e+ν) · ρe(mN)
, (4)

where NK is the number of K + decays in the FV, AN is the signal 
selection acceptance, and the kinematic factor ρe(mN) is defined 
in Eq. (2).

The number of K + decays in the FV is evaluated using the 
number of K + → e+ν candidates reconstructed in the data sam-
ple. Data losses due to trigger efficiencies and random vetoes are 
included in the NK definition, which makes the value of NK spe-
cific to this analysis. The dominant background due to K + → µ+ν
decay followed by µ+ → e+νν̄ decay (0.08% in relative terms) is 
taken into account. Other backgrounds, including the contribution 
from K + → µ+ν decay with a misidentified muon, are negligible.

The number of K + decays is computed as

NK = NSM

Ae · B(K + → e+ν) + Aµ · B(K + → µ+ν)

= (3.52 ± 0.02) × 1012,

where NSM = 3.495 × 106 is the number of selected data events 
in the SM signal region; Ae = (6.27 ± 0.02stat) × 10−2 and Aµ =
(1.24 ± 0.19stat) × 10−9 are the acceptances of the selection for 
the K + → e+ν decay and the K + → µ+ν decay (followed by 
muon decay) evaluated with simulations; and B(K + → e+ν) =
(1.582 ± 0.007) × 10−5 and B(K + → µ+ν) = 0.6356 ± 0.0011 are 
the branching fractions of these decays [4]. The uncertainty quoted 
in NK is due to the precision of the external input B(K + → e+ν)
and the statistical and systematic accuracy of the simulation. The 
systematic uncertainty is evaluated by varying the selection crite-
ria.

4. Background evaluation with simulations

The search procedure is based on a data-driven estimation of 
the background to K + → e+N decays, which is valid in the ab-
sence of peaking signal-like background structures in the recon-
structed mass spectrum. Simulations are used to understand the 
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.
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Fig. 2. Left: reconstructed squared missing mass (m2
miss) distributions for data and simulated events after the selection described in Section 2. Decays to muons contribute 

via muon decays in flight. The boundaries of the SM signal region (upper arrows) and the HNL search region (lower arrows) are defined in Sections 2 and 5. Right: the ratio 
of data and simulated m2

miss spectra. The statistical uncertainties shown are dominated by those of the simulated spectra.

momentum in the laboratory frame and the positron momen-
tum in the K + rest frame.

• Backgrounds from multi-body K + decays are suppressed by 
veto conditions. The positron track must not form vertices 
with any other STRAW track. LKr energy deposition clusters 
not spatially compatible with the positron track within 8 ns of 
the positron time are not allowed. Activity in the large-angle 
(LAV) and small-angle (SAC, IRC) photon veto detectors within 
3 ns of the positron time is forbidden. Activity in the CHANTI 
detector within 4 ns of the positron time is not allowed; more 
than two signals in the CHOD tiles within 6 ns of the positron 
time and not spatially associated with the positron are also not 
allowed. Data loss due to the veto conditions from accidental 
activity (“random veto”) averaged over the sample is measured 
to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pe)

2, 
where P K and Pe are the kaon and positron 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW detectors 
and using the K + and e+ mass hypotheses.

Simulation of particle interactions with the detector and its re-
sponse is performed with a Monte-Carlo simulation package based 
on the Geant4 toolkit [8]. The m2

miss spectra of the events se-
lected from data and simulated samples, and their ratio, are dis-
played in Fig. 2. The signal from the SM leptonic decay K + → e+ν
is observed as a peak at m2

miss = 0 with a resolution of 1.7 ×
10−3 GeV2/c4. The simulation is tuned to reproduce this resolu-
tion to a 1% relative precision. The SM signal region is defined 
in terms of the reconstructed squared missing mass as |m2

miss| <
0.01 GeV2/c4.

3. Measurement principle

A peak-search procedure measures the K + → e+N decay rate 
with respect to the K + → e+ν rate for an assumed HNL mass mN . 
This approach benefits from first-order cancellations of residual de-
tector inefficiencies not fully accounted for in simulations, as well 
as trigger inefficiencies and random veto losses, common to sig-
nal and normalization modes. The expected number of K + → e+N
signal events N S can be written as

N S = B(K + → e+N)/BSES(K + → e+N) = |Ue4|2/|Ue4|2SES, (3)

where the branching fraction BSES(K + → e+N) and the mixing pa-
rameter |Ue4|2SES corresponding to the observation of one signal 
event, the single event sensitivity (SES), are defined as

BSES(K + → e+N) = 1
NK · AN

and

|Ue4|2SES = BSES(K + → e+N)

B(K + → e+ν) · ρe(mN)
, (4)

where NK is the number of K + decays in the FV, AN is the signal 
selection acceptance, and the kinematic factor ρe(mN) is defined 
in Eq. (2).

The number of K + decays in the FV is evaluated using the 
number of K + → e+ν candidates reconstructed in the data sam-
ple. Data losses due to trigger efficiencies and random vetoes are 
included in the NK definition, which makes the value of NK spe-
cific to this analysis. The dominant background due to K + → µ+ν
decay followed by µ+ → e+νν̄ decay (0.08% in relative terms) is 
taken into account. Other backgrounds, including the contribution 
from K + → µ+ν decay with a misidentified muon, are negligible.

The number of K + decays is computed as

NK = NSM

Ae · B(K + → e+ν) + Aµ · B(K + → µ+ν)

= (3.52 ± 0.02) × 1012,

where NSM = 3.495 × 106 is the number of selected data events 
in the SM signal region; Ae = (6.27 ± 0.02stat) × 10−2 and Aµ =
(1.24 ± 0.19stat) × 10−9 are the acceptances of the selection for 
the K + → e+ν decay and the K + → µ+ν decay (followed by 
muon decay) evaluated with simulations; and B(K + → e+ν) =
(1.582 ± 0.007) × 10−5 and B(K + → µ+ν) = 0.6356 ± 0.0011 are 
the branching fractions of these decays [4]. The uncertainty quoted 
in NK is due to the precision of the external input B(K + → e+ν)
and the statistical and systematic accuracy of the simulation. The 
systematic uncertainty is evaluated by varying the selection crite-
ria.

4. Background evaluation with simulations

The search procedure is based on a data-driven estimation of 
the background to K + → e+N decays, which is valid in the ab-
sence of peaking signal-like background structures in the recon-
structed mass spectrum. Simulations are used to understand the 
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Fig. 2. Left: reconstructed squared missing mass (m2
miss) distributions for data and simulated events after the selection described in Section 2. Decays to muons contribute 

via muon decays in flight. The boundaries of the SM signal region (upper arrows) and the HNL search region (lower arrows) are defined in Sections 2 and 5. Right: the ratio 
of data and simulated m2

miss spectra. The statistical uncertainties shown are dominated by those of the simulated spectra.

momentum in the laboratory frame and the positron momen-
tum in the K + rest frame.

• Backgrounds from multi-body K + decays are suppressed by 
veto conditions. The positron track must not form vertices 
with any other STRAW track. LKr energy deposition clusters 
not spatially compatible with the positron track within 8 ns of 
the positron time are not allowed. Activity in the large-angle 
(LAV) and small-angle (SAC, IRC) photon veto detectors within 
3 ns of the positron time is forbidden. Activity in the CHANTI 
detector within 4 ns of the positron time is not allowed; more 
than two signals in the CHOD tiles within 6 ns of the positron 
time and not spatially associated with the positron are also not 
allowed. Data loss due to the veto conditions from accidental 
activity (“random veto”) averaged over the sample is measured 
to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pe)

2, 
where P K and Pe are the kaon and positron 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW detectors 
and using the K + and e+ mass hypotheses.

Simulation of particle interactions with the detector and its re-
sponse is performed with a Monte-Carlo simulation package based 
on the Geant4 toolkit [8]. The m2

miss spectra of the events se-
lected from data and simulated samples, and their ratio, are dis-
played in Fig. 2. The signal from the SM leptonic decay K + → e+ν
is observed as a peak at m2

miss = 0 with a resolution of 1.7 ×
10−3 GeV2/c4. The simulation is tuned to reproduce this resolu-
tion to a 1% relative precision. The SM signal region is defined 
in terms of the reconstructed squared missing mass as |m2

miss| <
0.01 GeV2/c4.

3. Measurement principle

A peak-search procedure measures the K + → e+N decay rate 
with respect to the K + → e+ν rate for an assumed HNL mass mN . 
This approach benefits from first-order cancellations of residual de-
tector inefficiencies not fully accounted for in simulations, as well 
as trigger inefficiencies and random veto losses, common to sig-
nal and normalization modes. The expected number of K + → e+N
signal events N S can be written as

N S = B(K + → e+N)/BSES(K + → e+N) = |Ue4|2/|Ue4|2SES, (3)

where the branching fraction BSES(K + → e+N) and the mixing pa-
rameter |Ue4|2SES corresponding to the observation of one signal 
event, the single event sensitivity (SES), are defined as

BSES(K + → e+N) = 1
NK · AN

and

|Ue4|2SES = BSES(K + → e+N)

B(K + → e+ν) · ρe(mN)
, (4)

where NK is the number of K + decays in the FV, AN is the signal 
selection acceptance, and the kinematic factor ρe(mN) is defined 
in Eq. (2).

The number of K + decays in the FV is evaluated using the 
number of K + → e+ν candidates reconstructed in the data sam-
ple. Data losses due to trigger efficiencies and random vetoes are 
included in the NK definition, which makes the value of NK spe-
cific to this analysis. The dominant background due to K + → µ+ν
decay followed by µ+ → e+νν̄ decay (0.08% in relative terms) is 
taken into account. Other backgrounds, including the contribution 
from K + → µ+ν decay with a misidentified muon, are negligible.

The number of K + decays is computed as

NK = NSM

Ae · B(K + → e+ν) + Aµ · B(K + → µ+ν)

= (3.52 ± 0.02) × 1012,

where NSM = 3.495 × 106 is the number of selected data events 
in the SM signal region; Ae = (6.27 ± 0.02stat) × 10−2 and Aµ =
(1.24 ± 0.19stat) × 10−9 are the acceptances of the selection for 
the K + → e+ν decay and the K + → µ+ν decay (followed by 
muon decay) evaluated with simulations; and B(K + → e+ν) =
(1.582 ± 0.007) × 10−5 and B(K + → µ+ν) = 0.6356 ± 0.0011 are 
the branching fractions of these decays [4]. The uncertainty quoted 
in NK is due to the precision of the external input B(K + → e+ν)
and the statistical and systematic accuracy of the simulation. The 
systematic uncertainty is evaluated by varying the selection crite-
ria.

4. Background evaluation with simulations

The search procedure is based on a data-driven estimation of 
the background to K + → e+N decays, which is valid in the ab-
sence of peaking signal-like background structures in the recon-
structed mass spectrum. Simulations are used to understand the 
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based	on	the	missing-mass	resolution	σ(m2
miss):	

▶ The	scan	is	performed	in	step	sizes	of	𝒪(1	MeV)																																																															
(depending	on	the	mass	or	mass	resolution).	

▶ At	each	scanned	mass,	a	window	of	±	1.5	σ																																																																																									
is	put	around	the	scanned	mass	value	and																																																																																						
the	expected	(SM)	events	are	obtained																																																																																		
from	a	polynomial	fit	to	the	sidebands.		

▶ Limits	on	|Ue4|2	and	|Uµ4|2:																																																																																																																																																											

CLS	comparison	between	observed	and																																																																																								
expected	event	numbers	in	each	window.	
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Fig. 4. Left: the values of Nobs , the obtained upper limits at 90% CL of the numbers of K + → e+N events, and the expected ±1σ and ±2σ bands in the background-only 
hypothesis for each HNL mass value considered. Right: single event sensitivities BSES(K + → e+N) (dashed line) and |Ue4|2SES (solid line) as functions of the HNL mass. Note 
the reduced sensitivity in the region of 356–382 MeV/c2 in which the auxiliary selection is used. The boundaries of the HNL search region are indicated by vertical arrows.

lation agrees with the data to better than 5%, validating the signal 
acceptance estimates to 2% relative precision.

6. Results

The number of observed events, Nobs, within the signal win-
dow, the number of expected background events, Nexp, and its 
uncertainty, δNexp, are used to compute the local signal signifi-
cance for each mass hypothesis

z = (Nobs − Nexp)/

√
(δNobs)2 + (δNexp)2,

with δNobs = √
Nobs. A maximum local significance of 3.6 is found 

for mN = 346.1 MeV/c2, based on Nobs = 236745 and Nexp =
234678 ± 314. Accounting for the look-elsewhere effect, the global 
significance becomes 2.2.

The quantities Nobs, Nexp, and δNexp are used to evaluate the 
upper limit at 90% CL of the number of K + → e+N decays, N S , in 
each HNL mass hypothesis using the CLS method [10]. The values 
of Nobs, the obtained upper limits of N S , and the expected ±1σ
and ±2σ bands of variation of N S in the background-only hypoth-
esis are shown in Fig. 4 (left).

Upper limits at 90% CL of the branching fraction B(K + → e+N)
and the mixing parameter |Ue4|2 are obtained from those of N S ac-
cording to Eq. (3), using the single event sensitivities BSES(K + →
e+N) and |Ue4|2SES shown as functions of the HNL mass in Fig. 4
(right). The obtained limits of B(K + → e+N) are displayed in 
Fig. 5. The obtained limits of |Ue4|2, together with the limits from 
previous HNL production searches in K + [9,11] and π+ [12,13]
decays in the 30–470 MeV/c2 mass range, and the Big Bang Nucle-
osynthesis (BBN) constraint [14], are shown in Fig. 6. The reported 
result improves the existing limits of |Ue4|2 obtained in production 
searches over the whole mass range considered. Comparison with 
HNL decay searches is available in Refs. [1,15]. The obtained lim-
its of |Ue4|2 improve over the decay searches [16,17] in the mass 
region below 400 MeV/c2.

7. Summary and outlook

A search for HNL production in K + → e+N decays has been 
performed with the data set collected by the NA62 experiment 

Fig. 5. The obtained upper limits at 90% CL of B(K + → e+N) and the expected 
±1σ and ±2σ bands in the background-only hypothesis for each HNL mass value 
considered.

at CERN in 2017–2018. Upper limits of the decay branching frac-
tion and the mixing parameter |Ue4|2 have been established at the 
10−9 level over most of the HNL mass range 144–462 MeV/c2 with 
the assumption of mean lifetime exceeding 50 ns. These limits be-
come weaker by factors of up to 2 (10) for lifetimes of 5 (1) ns. 
The |Ue4|2 results are significantly better than previous limits ob-
tained from HNL production and decay searches [1], and other 
experimental constraints [15,18]. The values of |Ue4|2 favoured by 
the BBN constraint [14] are excluded for HNL masses up to about 
340 MeV/c2.

An improvement in sensitivity of this analysis in terms of |Ue4|2
can only be expected with future NA62 data. Considering the 
background conditions, the sensitivity to |Ue4|2 is proportional to 
δNexp/Nexp, and improves as the relative statistical uncertainty in 
Nexp decreases with sample size as 1/

√
NK .

HNL masses below 144 MeV/c2, not accessible to this analysis 
due to the shape of the background mass spectrum, can be probed 
via the K + → π0e+N decay. The data set currently available for 
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Fig. 4. Left: observed number of events Nobs, observed upper limit at 90% CL of the number of signal events NS , and expected ±1σ and ±2σ bands of the upper limit in 
the null hypothesis for each HNL mass value considered. Right: single event sensitivity values of BSES(K + → µ+N) (dashed line) and |Uµ4|2SES (solid line) as functions of the 
assumed HNL mass. Boundaries of the HNL search region are indicated by vertical arrows.

Fig. 5. Upper limits at 90% CL of |Uµ4|2 obtained for each assumed HNL mass, 
compared to the upper limits established by earlier HNL production searches in 
K + → µ+N decays at NA62 [16], BNL-E949 [19], OKA [20] and KEK [21]. The lower 
boundary of |Uµ4|2 imposed by the BBN constraint [22] is shown by a dashed line.

second-order polynomial fit to the sideband data of the mmiss spec-
trum, where the bin size is 0.75σm . The uncertainty, δNexp, in the 
number of expected background events includes statistical and sys-
tematic components. The former comes from the uncertainties in 
the fit parameters, while the latter is evaluated as the difference 
between values of Nexp obtained from fits using second and third 
order polynomials. The dominant contribution to δNexp is statisti-
cal, although systematic uncertainties become comparable as mN
approaches the boundaries of the HNL search region. Systematic 
errors due to possible HNL signals in the sidebands are found to be 
negligible; this check is made assuming |Uµ4|2 to be equal to the 
expected sensitivity of the analysis. The uncertainty in the back-
ground estimate, δNexp/Nexp, increases from 1–2% for mN below 
300 MeV/c2 to 10% at the upper limit of the HNL search region.

The signal selection acceptance, AN , as a function of mN ob-
tained with simulations assuming infinite HNL lifetime is displayed 
in Fig. 3 (right). The acceptance for a mean lifetime of 50 ns (con-
sidering decays to detectable particles) is lower by O(1%) in rela-
tive terms, making the results of the search valid for lifetimes in 
excess of 50 ns. For shorter lifetimes, the HNL mean decay length 
in the laboratory frame becomes comparable to or smaller than 

Fig. 6. Summary of upper limits at 90% CL of |Ue4|2 (red solid lines) and |Uµ4|2
(blue solid lined) obtained from HNL production searches in K + decays: this anal-
ysis, NA62 [16,17], BNL-E949 [19], OKA [20], KEK [21]; and in π+ decays: TRI-
UMF [23], PIENU [24]. The lower boundaries of |Ue4|2 and |Uµ4|2 imposed by the 
BBN constraint [22] are shown by the lower and upper dashed lines, respectively.

the length of the apparatus. Acceptances for lifetimes of 5 (1) ns 
decrease by factors up to 2 (10), depending on mN . Simulations 
reproduce the m2

miss resolution at the K + → µ+ν peak to a 1% 
relative precision. Modelling of the resolution outside the peak is 
validated using data and simulated K + → π+π+π− decay sam-
ples; the corresponding systematic effects on AN do not exceed 2% 
in relative terms [17].

The number of observed events, Nobs, within the signal window 
and the quantities Nexp and δNexp are used to compute the local 
signal significance for each mass hypothesis. It is found that the 
significance never exceeds 3 standard deviations, therefore no HNL 
production signal is observed. Upper limits at 90% CL of the num-
ber of K + → µ+N decays, N S , in each HNL mass hypothesis are 
evaluated from the quantities Nobs, Nexp and δNexp using the CLS
method [18]. The values of Nobs, the observed upper limits of N S , 
and the expected ±1σ and ±2σ bands of variation of N S in the 
null (i.e. background-only) hypothesis are shown in Fig. 4 (left).

The single-event sensitivity (SES) branching fraction BSES(K + →
µ+N) and mixing parameter values |Uµ4|2SES, corresponding to the 

5

K+	➞	e+N:	
(PLB	807	(2020)	

135599)

K+	➞	µ+N:	
(PLB	816	(2021)	

136259)

▶ Less	sensitivity	close	to	the	π+ decay	threshold	
(stricter	selection).	

▶ Maximum	significance:	3.6	σ	for	mN
	=	346	MeV.	

▶ Accounting	for	look-elsewhere	effect:																			
Global	significance	=	2.2	σ.

▶ Local	significance	never	exceeds	3	σ.																				
➜		no	HNL	production	signals	observed.

https://arxiv.org/abs/2005.09575
https://arxiv.org/abs/2005.09575
https://arxiv.org/abs/2101.12304
https://arxiv.org/abs/2101.12304
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Results	of	HNL	Searches

▶ No	HNL	signals	observed	in	NA62.	

▶ Limits	on	|Ue4|2	of	𝒪(10–9),																		
limits	on	|Uµ4|2	of	𝒪(10–8).			

▶ K+	➞	e+N:																																																					
Values	favored	by	Big	Bang	Nucleo-
synthesis	(BBN)	constraint	(dashed	red	line)	
are	excluded	for	HNL	masses	<	340	MeV.		

▶ K+	➞	µ+N:																																																					
Consistent	with	E949	and	extending	
limits	to	higher	HNL	masses	
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Fig. 4. Left: observed number of events Nobs, observed upper limit at 90% CL of the number of signal events NS , and expected ±1σ and ±2σ bands of the upper limit in 
the null hypothesis for each HNL mass value considered. Right: single event sensitivity values of BSES(K + → µ+N) (dashed line) and |Uµ4|2SES (solid line) as functions of the 
assumed HNL mass. Boundaries of the HNL search region are indicated by vertical arrows.

Fig. 5. Upper limits at 90% CL of |Uµ4|2 obtained for each assumed HNL mass, 
compared to the upper limits established by earlier HNL production searches in 
K + → µ+N decays at NA62 [16], BNL-E949 [19], OKA [20] and KEK [21]. The lower 
boundary of |Uµ4|2 imposed by the BBN constraint [22] is shown by a dashed line.

second-order polynomial fit to the sideband data of the mmiss spec-
trum, where the bin size is 0.75σm . The uncertainty, δNexp, in the 
number of expected background events includes statistical and sys-
tematic components. The former comes from the uncertainties in 
the fit parameters, while the latter is evaluated as the difference 
between values of Nexp obtained from fits using second and third 
order polynomials. The dominant contribution to δNexp is statisti-
cal, although systematic uncertainties become comparable as mN
approaches the boundaries of the HNL search region. Systematic 
errors due to possible HNL signals in the sidebands are found to be 
negligible; this check is made assuming |Uµ4|2 to be equal to the 
expected sensitivity of the analysis. The uncertainty in the back-
ground estimate, δNexp/Nexp, increases from 1–2% for mN below 
300 MeV/c2 to 10% at the upper limit of the HNL search region.

The signal selection acceptance, AN , as a function of mN ob-
tained with simulations assuming infinite HNL lifetime is displayed 
in Fig. 3 (right). The acceptance for a mean lifetime of 50 ns (con-
sidering decays to detectable particles) is lower by O(1%) in rela-
tive terms, making the results of the search valid for lifetimes in 
excess of 50 ns. For shorter lifetimes, the HNL mean decay length 
in the laboratory frame becomes comparable to or smaller than 

Fig. 6. Summary of upper limits at 90% CL of |Ue4|2 (red solid lines) and |Uµ4|2
(blue solid lined) obtained from HNL production searches in K + decays: this anal-
ysis, NA62 [16,17], BNL-E949 [19], OKA [20], KEK [21]; and in π+ decays: TRI-
UMF [23], PIENU [24]. The lower boundaries of |Ue4|2 and |Uµ4|2 imposed by the 
BBN constraint [22] are shown by the lower and upper dashed lines, respectively.

the length of the apparatus. Acceptances for lifetimes of 5 (1) ns 
decrease by factors up to 2 (10), depending on mN . Simulations 
reproduce the m2

miss resolution at the K + → µ+ν peak to a 1% 
relative precision. Modelling of the resolution outside the peak is 
validated using data and simulated K + → π+π+π− decay sam-
ples; the corresponding systematic effects on AN do not exceed 2% 
in relative terms [17].

The number of observed events, Nobs, within the signal window 
and the quantities Nexp and δNexp are used to compute the local 
signal significance for each mass hypothesis. It is found that the 
significance never exceeds 3 standard deviations, therefore no HNL 
production signal is observed. Upper limits at 90% CL of the num-
ber of K + → µ+N decays, N S , in each HNL mass hypothesis are 
evaluated from the quantities Nobs, Nexp and δNexp using the CLS
method [18]. The values of Nobs, the observed upper limits of N S , 
and the expected ±1σ and ±2σ bands of variation of N S in the 
null (i.e. background-only) hypothesis are shown in Fig. 4 (left).

The single-event sensitivity (SES) branching fraction BSES(K + →
µ+N) and mixing parameter values |Uµ4|2SES, corresponding to the 

5

K+	➞	µ+N						K+	➞	e+N					π+	➞	e+N	
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Searches	for	K+	➞	µ+ννν̄	and	K+	➞	µ+ν	X

K+	➞	µ+ννν̄:		
▶ Very	rare	in	the	Standard	Model:																	

	 	 					Br	≈	1.6	×	10−16																																											
(Gorbunov,	Mitofanov,	JHEP	10	(2016)	039).		

▶ Current	limit:	Br	<	2.4	×	10−6																						
(E949,	PRD	94	(2016)	032012).	

K+	➞	µ+νX:		
▶ X	is	a	scalar	or	vector	particle																																										

(Krnjaic	et	al.,	PRD	124	(2020)	041802).	
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.

3

SM	
region

HNL	search	region

K+
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.
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Searches	for	K+	➞	µ+ννν̄	and	K+	➞	µ+ν	X

K+	➞	µ+ννν̄:		
▶ Search	region:		m2

miss	>	0.1	GeV2/c4	
(optimized	for	strongest	limit	extraction).	

▶ Observed	events:		6894																																
MC	expectation:					7549	±	92	
➜	 Br(K+	➞	µ+ννν̄)	<	1.0	×	10–6	at	90%	CL.	

K+	➞	µ+νX:		
▶ Limit	extraction	similar	to	K+	➞	µ+N 									

in	the	mass	range	10	–	370	MeV.	
▶ No	signal	observed.	
▶ Upper	limits	of	𝒪(10–7	–	10–5).
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Fig. 2. Left: reconstructed m2
miss distributions for data and the estimated background. The full uncertainties (±1σ ) in each mass bin of the background spectrum for m2

miss > 0
are shown with a contour. The boundaries of the SM signal region |m2

miss| < 0.01 GeV2/c4 used for normalisation are indicated with arrows. Top-right: the region m2
miss >

0.03 GeV2/c4, with simulated hypothetical K + → µ+ν X (scalar mediator model, two mX values) and K + → µ+ννν̄ signals with branching fractions of 10−4. Bottom-right: 
ratio of data and simulated spectra in the region m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties are correlated among the bins.

• Backgrounds from K + → µ+ν decays upstream of the KTAG 
and π+ → µ+ν decays upstream of GTK3, in coincidence with 
a beam pion or proton track in the GTK, are suppressed by 
requiring a kaon signal in the KTAG detector within 1 ns of 
the muon time.

• The decay vertex is defined as the point of closest approach of 
the K + track in the GTK and the muon track in the STRAW, 
taking into account the stray magnetic field in the vacuum 
tank. Identification of the K + track in the GTK relies on the 
time difference, $tGK, between a GTK track and the KTAG sig-
nal, and spatial compatibility of the GTK and STRAW tracks 
quantified by the distance, d, of closest approach. A discrim-
inant D($tGK, d) is defined using the $tGK and d distribu-
tions measured with K + → π+π+π− decays [12]. Among 
GTK tracks with |$tGK| < 0.5 ns, the track of the parent kaon 
is assumed to be the one with the D value most consistent 
with a K + → µ+ decay. It is required that d < 7 mm to re-
duce the background from upstream decays.

• Background from K + → µ+ν decays between KTAG and GTK3 
with pileup in the GTK is suppressed by geometrical condi-
tions. The reconstructed K + decay vertex is required to be 
located in the FV at a minimum distance from the start of 
the FV, varying from 8 m to 35 m depending on the angle 
between the K + momentum in the laboratory frame and the 
muon momentum in the K + rest frame.

• Backgrounds from K + decays to multiple detectable particles 
are suppressed by veto conditions. The muon track must not 
form a vertex with any additional STRAW track segment. En-
ergy deposits are not allowed in the LKr calorimeter that are 
spatially incompatible with the muon track within 12 ns of 
the muon time. No activity is allowed in the large-angle (LAV) 
or small-angle (SAC, IRC) photon veto detectors within 3 ns 
of the muon time, or in the CHANTI detector within 4 ns of 
the muon time. No more than two signals in the CHOD tiles 
within 6 ns of the muon time, and no more than three sig-
nals in the RICH PMTs within 3 ns of the muon time, spatially 
incompatible with the muon track, are allowed. Data loss due 
to the veto conditions from accidental activity (random veto) 
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (P K − Pµ)2, 

where P K and Pµ are the kaon and muon 4-momenta, obtained 
from the 3-momenta measured by the GTK and STRAW spectrom-
eters under the K + and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the de-
tector and its response are performed with a software package 
based on the Geant4 toolkit [13]. The m2

miss spectra of the se-
lected events from data and simulated samples, and their ratio, 
are displayed in Fig. 2. The signal from the SM leptonic decay 
K + → µ+ν is observed as a peak at m2

miss = 0 with a reso-
lution of 1.5 × 10−3 GeV2/c4, and the SM signal region is de-
fined in terms of the reconstructed squared missing mass as 
|m2

miss| < 0.01 GeV2/c4. In contrast, the K + → µ+N , K + → µ+ν X
and K + → µ+ννν̄ decays are characterised by larger m2

miss values.

3. Normalisation to the K + → µ+ν decay

The effective number of K + decays in the FV, denoted NK , 
is evaluated using the number of K + → µ+ν candidates recon-
structed in the data sample. The quantity NK is not corrected for 
trigger inefficiency and random veto effects, which cancel between 
signal and normalisation thus making the NK value specific to 
this analysis. The background in the SM signal region is negligi-
ble (Fig. 2). It is found that

NK = NSM

ASM · B(K + → µ+ν)
= (1.14 ± 0.02) × 1010,

where NSM = 2.19 × 109 is the number of selected data events in 
the SM signal region, ASM = 0.302 ± 0.005 is the acceptance of the 
selection for the K + → µ+ν decay evaluated using simulations, 
and B(K + → µ+ν) = 0.6356 ± 0.0011 is the branching fraction of 
this decay [4]. The uncertainty of ASM, which dominates that of 
NK , is mainly systematic due to the accuracy of the simulation, 
and is evaluated by variation of the selection criteria including the 
algorithm used for identification of the K + track in the GTK.

3

K+
➞	µ+ννν̄	search	region
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Fig. 7. Left: expected background, its uncertainty, and expected ±1σ and ±2σ bands of the upper limit on the number at 90% CL of signal events NS in the null hypothesis, 
for each lower squared missing mass cut (m2

0) considered to optimize the definition of the K + → µ+ν X and K + → µ+ννν̄ signal regions. Observed numbers of events 
and upper limits of NS are shown for m2

0 values found to be optimal for certain mX hypotheses. Right: upper limits of B(K + → µ+ν X) obtained at 90% CL for each mX
hypothesis for the scalar and vector mediator models.

observation of one signal event, are defined in each HNL hypothe-
sis as

BSES(K + → µ+N) = 1
NK · AN

and

|Uµ4|2SES = BSES(K + → µ+N)

B(K + → µ+ν) · ρµ(mN)
,

with the kinematic factor ρµ(mN) given in Eq. (1). They are shown 
as functions of the HNL mass in Fig. 4 (right). The expected num-
ber of K + → µ+N signal events, N S , is written as

N S = B(K + → µ+N)/BSES(K + → µ+N) = |Uµ4|2/|Uµ4|2SES,

which is used to obtain upper limits at 90% CL of the branching 
fraction B(K + → µ+N) and the mixing parameter |Uµ4|2 from 
those of N S .

The upper limits obtained for |Uµ4|2 are compared with the 
results from earlier searches for the K + → µ+N decay [16,19–21], 
and the Big Bang nucleosynthesis (BBN) constraint [22], in Fig. 5. 
The results of the current study represent the first HNL produc-
tion search in the mass range 374–384 MeV/c2, and improve on 
previous NA62 results in the mass range 300–374 MeV/c2 [16] by 
more than an order of magnitude. In the range 200–300 MeV/c2, 
the sensitivity achieved is similar to that of the BNL-E949 experi-
ment [19].

A comparison of the above upper limits of |Uµ4|2 with the 
upper limits of |Ue4|2 obtained from HNL production searches in 
K + → e+N [16,17,21] and π+ → e+N [23,24] decays is shown in 
Fig. 6. Upper limits of O(10−5) obtained on |Uµ4|2 in the mass 
range 16–34 MeV/c2 from searches of the π+ → µ+N process [25]
are not shown. In comparison to the limits of |Uµ4|2 obtained 
from direct HNL decay searches [26,27], the limits from produc-
tion searches are weaker but more robust because they are based 
on fewer theoretical assumptions.

6. Search for K + → µ+ν X and K + → µ+ννν̄ decays

The K + → µ+ν X process is investigated in the framework of 
the scalar and vector mediator models, defined for non-zero medi-
ator mass mX [7]. In total, 37 mass hypotheses equally spaced in 
the range 10–370 MeV/c2 are examined. The K + → µ+ννν̄ decay 

is investigated assuming the SM differential decay rate distribu-
tion [8].

The true missing mass spectrum lies in the mX ≤ mmiss ≤
mK −mµ range for the K + → µ+ν X decay, and in the 0 ≤ mmiss ≤
mK − mµ range for the K + → µ+ννν̄ decay (neglecting the neu-
trino mass). In both cases, a signal would manifest itself as an 
excess of data events over the estimated background at large re-
constructed m2

miss values as shown in Fig. 2 (top-right). Therefore 
the event selection requires that m2

miss > m2
0. The m0 value is op-

timized to obtain the strongest expected upper limit of the decay 
rate in the null hypothesis, considering that signal acceptances and 
backgrounds both decrease as functions of m2

0. The optimization 
is performed independently for each of the possible signals listed 
above.

The numbers of background events, Nexp, and their uncertain-
ties, δNexp, estimated with simulations (Section 4) are shown as 
functions of m2

0 in Fig. 7 (left). Also shown are the expected up-
per limits at 90% CL of the number of signal events, N S , and their 
±1σ and ±2σ bands of variation in the null hypothesis, obtained 
from Nexp and δNexp using the CLS method [18] for each m2

0 value 
considered.

For the K + → µ+ν X decay in mX hypotheses of 320–370
MeV/c2, the signal region is defined m2

0 = m2
X (rounded up to the 

nearest multiple of 0.02 GeV2/c4), avoiding a significant loss of 
signal acceptance. For the K + → µ+ν X decay in mX hypotheses 
of 10–310 MeV/c2, and for the K + → µ+ννν̄ decay, the signal 
region is defined as m2

0 = 0.1 GeV2/c4. The background composi-
tion for this m2

0 value is reported in Table 1. Optimal sensitivity is 
obtained in this case with a reduced signal acceptance. In partic-
ular, the acceptance for the K + → µ+ννν̄ decay decreases from 
A0

µννν = 0.277 to Aµννν = 0.103.
The observed numbers of events and upper limits of N S for the 

above set of m2
0 values are displayed in Fig. 7 (left). Upper limits 

of B(K + → µ+ν X) in the scalar and vector X models as functions 
of the assumed mX , obtained from those of N S similarly to the 
HNL case, are shown in Fig. 7 (right). The limits obtained in the 
scalar model are stronger than those in the vector model due to 
the larger mean mmiss value.

In the search for the K + → µ+ννν̄ decay, Nobs = 6894 events 
are observed in the signal region m2

miss > 0.1 GeV2/c4, with an 
expected background of Nexp = 7549 ±928 events. This leads to an 
observed (expected) upper limit at 90% CL of 1184 (1526) events 
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Conclusions	&	Outlook

▶ World-best	limits	on	HNL	mixing	parameters	with	full	NA62	data	set	before	LS2:	
➜ 𝒪(10–9)	limits	on	|Ue4|2,		𝒪(10–8)	limits	on	|Uµ4|2	(PLB	807	(2020)	135599,	PLB	816	(2021)	136259).	

▶ Searches	for	K+	➞	µ+ννν̄	and	K+	➞	µ+ν	X	performed:	
➜ Again	world-best	limits	of	𝒪(10–7)	–	𝒪(10–9)	(PLB	816	(2021)	136259).	

▶ In	2021	NA62	started	new	data-taking	period	covering	the	full	time	up	to	LS3.	
➜ Running	at	30%	higher	beam	intensity	and	collect	𝒪(1013)	K+	decays.	
➜ Plan	to	collect	1018	protons-on-target	in	“dump	mode”		➞		further	HNL	searches.
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