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Introduction

The Standard Model (SM) of particle physics cannot accommodate experimental data on neu-
trino oscillations because neutrinos are strictly massless in the SM and thus do not oscillate. The
simplest renormalizable extension of the SM, consistent with neutrino experiments, involves the
inclusion of heavy neutrinos, also called heavy neutral leptons (HNLs), which mix with ordinary
neutrinos to explain several open questions. An example of such a theory is the Neutrino Minimal
Standard Model (vMSM) [1]. In this model, three massive right-handed neutrinos are introduced
to explain neutrino oscillations, dark matter and baryon asymmetry of the Universe. The light-
est of these HNLs with the mass of &’(1keV/c?) is a dark matter candidate, the other two, with
the masses of (1 GeV /c?) generate the masses of the SM neutrinos via see-saw mechanism and
introduce extra CP violating phases to account for baryon asymmetry.

The mixing between HNLs and the SM neutrinos leads to the HNL production in meson
decays, such as Kt — /TN (£ = e, it). The branching fraction of these decays is determined by the
HNL mass my and the mixing parameter \Umz [2, 3]:

BEKT = TN) = B(KT = (7Vv) - po(my) - |Usl?, (1)

where 8(K+ — (1) is the branching fraction of the SM leptonic decay (Ky»), and py(my) is a
kinematic factor accounting for the phase space and the helicity suppression. Numerically, the
product Z(K*™ — £*V) - py(my) is O(1) over most of the allowed my range.

Production of HNLs in K+ — ¢ N decays can be searched for by looking for peaks in the miss-
ing mass spectra of the Ky, candidates. This proceedings summarizes results of two such searches
from the NA62 experiment at CERN; a K;;; decay spectrum analysis using the data collected by
NAG62 in 2007 [4] and a preliminary result of a K, decay spectrum analysis using the data collected
by NA62 in 2015.

1. Analysis overview

1.1 NA62 Experiment in 2007

The NA62 experiment is the successor to the NA48 series of kaon decay in-flight experiments
at CERN. In its first phase of data taking in 2007, a modified beam line and the detector of NA48/2
were used for the measurement of the ratio Rg = ['(K* — e*v) /T(K* — u*v) [5].

The beam kaons with central momentum 74 GeV /¢ and momentum spread of +1.4GeV /c de-
cayed in a fiducial decay volume contained in a 114 m long cylindrical vacuum tank. The momenta
of charged decay products were measured in a magnetic spectrometer, housed in a tank filled with
helium placed after the decay volume. The spectrometer comprised four drift chambers (DCHs)
and a dipole magnet. A plastic scintillator hodoscope (CHOD), placed after the spectrometer, pro-
duced fast trigger signals and provided precise time measurements of charged particles. A liquid
krypton electromagnetic calorimeter (LKr), an iron/scintillator hadronic calorimeter and muon de-
tectors (MUV) were located further downstream. A detailed description of the beam line and the
detector can be found in [6, 7].

The beam intensity of NA62 in 2007 was reduced compared to NA48/2 by a factor of ~ 10 to
enable the operation of a minimum bias trigger configuration with high efficiency, and to minimize
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the accidental background. The main trigger condition for selecting the sample of K+ — u*v
decay candidates required a signal in the CHOD detector with loose lower and upper limits on the
DCH hit multiplicity, downscaled by a factor of 150.

1.2 NA62 Experiment in 2015

The main goal of the NA62 experiment is the measurement of the K™ — w7 vV decay branch-
ing fraction with 10% precision. The NA62 experiment uses high energy protons from the SPS
(400GeV /c) to produce a secondary hadron beam (6% kaons) of momentum (75 £ 1.0) GeV/c and
the nominal intensity of 750 MHz. The experimental setup extends from the beryllium target to the
beam dump over a distance of about 270m, see Figure 1. The main improvements with respect to
the 2007 setup include the tagging and the time measurement of individual kaons in the beam by
the KTAG Cherenkov detector; the measurement of momentum and time of all the particles in the
beam by the Gigatracker (the GTK detector was not available in 2015); a magnetic spectrometer
comprising four chambers with STRAW tubes operating in vacuum; a hermetic system of photon
veto detectors (LAV, LKr, IRC, SAC); a RICH detector and a muon veto system (MUV) for the
particle identification. A detailed description of the NA62 beam line and the detector can be found
in [8].
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Figure 1: Layout of the NA62 experiment.

The data sample used for the HNL analysis presented in this proceedings was recorded in 5
days of operation during the NA62 pilot run in 2015 at beam intensity varying from 0.4% to 1.3%
of the nominal value with a minimum bias trigger scheme. The low-level trigger chain used in the
present analysis required a CHOD signal in anti-coincidence with a MUV 3 signal; the trigger was
not scaled down. The high-level software trigger required a multiplicity requirement in the KTAG
detector compatible with a K™ signal.

1.3 Event Selection and Data Samples

With the assumption of |Ug4\2 < 10~* and considering HNL decays into SM particles, the mean
free path of HNLs produced in NA62 for any mass in the considered range (above 170MeV/c?) is
greater than 10 km and therefore their decays in-flight can be neglected.

The event selection for both presented analyses requires a single positively charged track re-
constructed in the spectrometer within the acceptances of the downstream detectors which are used
for the particle identification. The kaon decay vertex is reconstructed as the point of the closest
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approach of the track and the beam axis, as monitored with fully reconstructed K+ — 7t 7~ 7"
decays.

In the 2007 data analysis, muons are positively identified by MUV signals associated in time
and space with the track; events with EM clusters reconstructed in the LKr, not associated to the
muon track, are rejected.

In the 2015 data analysis, electrons are identified by the ratio of energy deposit in the LKr to
momentum measured by the spectrometer and by an identification algorithm based on the RICH
hit pattern. Various background contributions are suppressed by rejecting events with an activity in
the LAV, SAC, IRC and CHANTI detectors, and by requesting the presence of a kaon signal in the
KTAG matched in time with the track time.

The squared missing mass is computed as mrzniss = (Px — P;)?, where Px and P, are the kaon
and lepton 4-momenta, respectively. The kaon 4-momentum is evaluated from the average 3-
momentum (monitored with K+ — 7t 7~ 7" decays) in the K mass hypothesis, while P is the
4-momentum is obtained from the reconstructed 3-momentum of the track in the corresponding £+
mass hypothesis.

The spectra of missing mass (squared) of the selected K;;» (K,2) event candidates from both

data and simulation are presented in Fig. 2. The total number of kaon decays in the fiducial regions,
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acceptance evaluated using the MC simulation. The obtained numbers of kaon decays are Nt =
(5.97740.015) x 107 (2007 data analysis) and N¢ = (3.01 £0.011) x 10% (2015 data analysis).

NI‘(, is computed from the numbers of selected data events with m: . in the SM region and by the
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(a) K, candidates, 2007 data sample. (b) K,» candidates, 2015 data sample.

Figure 2: (a) Missing mass distribution of K> candidates and background estimate in the signal
and control regions. Error bars are data statistical errors. The lower plot shows the total uncertainty
on the background estimate. (b) Spectrum of missing mass squared of the selected K., candidates.

1.4 Search for Heavy Neutrino Production

Both analyses look for the production of HNLs by searching for peaks in the missing mass
spectra. The HNL signal regions are defined as 300 < my;ss < 375MeV/ ¢? for the 2007 data
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analysis and 170 < my;ss < 448 MeV /c? for the 2015 data analysis. The peak search is performed
in the signal regions with a step of 1Mev/c? with the additional condition on the reconstructed
missing mass to be within the ic,f window of the assumed HNL mass, where o}, depends on
the HNL mass resolution evaluated with MC simulations. The statistical analysis is performed
by applying the Rolke-Lopez method [9] to find the 90% confidence intervals for the number of
reconstructed K™ — /TN decays. Inputs to the computation in each mass window are the number of
data events observed, and the estimate of the total number of background events with its uncertainty.

In the 2007 data analysis the number of background events receives contributions from muon
halo, evaluated with a control data sample, and from kaon decays, evaluated with simulation. In
the 2015 data analysis the background in each mass hypothesis is evaluated from side bands of the
data myy;ss distribution.

2. Upper Limits on the Heavy Neutrino Production

Since no statistically significant HNL production signal is observed, upper limits (ULs) on the
number of signal events are established, the expected and observed limits at 90% CL are shown
in Fig. 3. A loose selection with a relaxed vertex longitudinal position cut is applied for the K,
data analysis for mass hypotheses of 350 MeV /c? and higher, resulting in the discontinuity of the
selection acceptance.
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(a) K2 analysis, 2007 data sample. (b) K, analysis, 2015 data sample.

Figure 3: Expected and observed upper limits on the number of signal events at 90% CL for
each HNL mass hypothesis. Figure (b) also includes numbers of observed events and expected
background events with their uncertainties (shaded blue region).

The upper limits on the number of observed signal events in Fig. 3 are converted into upper
limits on the branching fraction Z(K™ — ¢*N) for each HNL mass hypothesis (see Fig. 4) using
the relation between the expected number of signal events N¢, the signal selection acceptance AQ’
and the branching fraction: N§ = Ng - Z(K™ — (*N)-AY.
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Figure 4: Expected and observed upper limits on Z(K+ — ¢*N) at 90% CL for each HNL mass
hypothesis.

The upper limits on the mixing parameter Uy |2 for each HNL mass hypotheses are computed
using the limits on the branching fraction and the equation (1). Figure 5 shows the obtained ULs
at 90% CL together with the limits from previous HNL production searches in £ [10, 11] and K™
[12, 13] decays. The new NA62 results presented in this proceedings improve the existing limits
both on ‘Uu4 ‘2 and |U,4|* in the analyzed signal regions.
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Figure 5: Upper limits on |Ug4|2 at 90% CL from the presented NA62 analyses compared to the
limits established by earlier HNL production searches in 7 and K.



New Limits on Heavy Neutrino from NA62 Michal Koval

References

[1]

(2]

[10]

[11]
[12]
[13]

T. Asaka and M. Shaposhnikov, The nuMSM, dark matter and baryon asymmetry of the universe,
Phys. Lett. B, 620 (2005) 17.

R.E. Shrock, New Tests For, and Bounds On, Neutrino Masses and Lepton Mixing ,
Phys. Lett. B, 96 (1980) 159.

R.E. Shrock, General Theory of Weak Leptonic and Semileptonic Decays. 1. Leptonic Pseudoscalar
Meson Decays, with Associated Tests For, and Bounds on, Neutrino Masses and Lepton Mixing,
Phys. Rev. D, 24 (1981) 1232.

C. Lazzeroni et al. (NA62 collaboration), Search for Heavy Neutrinos in K™ — u* vy Decays,
Phys. Lett. B, 772 (2017) 712.

C. Lazzeroni et al. (NA62 collaboration), Precision Measurement of the Ratio of the Charged Kaon
Leptonic Decay Rates, Phys. Lett. B, 719 (2013) 326.

J.R. Batley er al. (NA48/2 collaboration), Search for direct CP violating charge asymmetries in
K* > ntntn~ and K+ — ntn%7° decays, Eur. Phys. J. C, 52 (2007) 875.

V. Fanti et al. (NA48 collaboration), The Beam and detector for the NA4S8 neutral kaon CP violation
experiment at CERN, Nucl. Instrum. Methods A, 574 (2007) 433.

E.C. Gil et al., (NA62 collaboration) The Beam and detector of the NA62 experiment at CERN,
JINST, 12 (2017) P05025.

W.A. Rolke and A.M. Lépez, Confidence intervals and upper bounds for small signals in the
presence of background noise, Nucl. Instrum. Methods A, 458 (2001) 745.

D. Britton et al., Improved search for massive neutrinos in 1™ — et v decay,
Phys. Rev. D, 46 (1992) R885.

A. Aoki et al., Search for Massive Neutrinos in the Decay T — ev, Phys. Rev. D, 84 (2011) 052002.
T. Yamazaki et al., Search for Heavy Neutrinos in Kaon Decay, Conf. Proc., C840719 (1984) 262.

A.V. Artamonov et al. (BNL E949 collaboration), Search for heavy neutrinos in K+ — u* vy decays,
Phys. Rev. D, 91 (2015) 052001.



