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The NA62 experiment at CERN collected a large sample of charged kaon decays in flight with a
minimum bias trigger in 2007. Upper limits on the rate of the charged kaon decay into a muon
and a heavy neutrino obtained from this data are reported for a range of heavy neutrino masses.
Prospects for similar searches using data collected in 2015 are also reported.
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1. Introduction

The experimental observation of neutrino oscillations demands neutrino mass terms be added to
the Standard Model (SM). The νMSM does this by introducing heavy neutrino mass states that
mix with the SM flavour states, and predicts right-handed neutrinos at the GeV scale [1, 2].

A heavy neutrino with mass mh.380MeV/c2 is kinematically accessible in the decay of the
K+ to a µ+ and a muon neutrino. The branching fraction of the decay involving the heavy neutrino,
B(K+→µ+νh), can be expressed as

B(K+→µ+νh) = B(K+→µ+ν) · f (mh) · |Uµ4|2 (1.1)

where B(K+→µ+ν) is the branching fraction in the SM, |Uµ4|2 is the squared mixing element
between the muon flavour state and the heavy neutrino mass state labelled ‘4’, and f (mh) is a
numerical factor that accounts for phase-space and helicity suppression [3].

The K+→µ+νh decay is ideal for heavy neutrino production searches. Decays to heavy
neutrinos can be easily distinguished from the SM process by the missing mass: mN

2 = p2
N =

(pK − pµ)
2, where p is the four-momentum of a given particle and N is used to denote either the

SM neutrino ν or the heavy neutrino νh. The SM decay is prolific, given it’s branching fraction of
64%, meaning substantial samples can be collected via minimum-bias triggers, even with sizeable
downscales. Moreover, the mass of the heavy neutrino acts to lift the strong helicity suppression of
the SM decay, meaning that if |Uµ4| =1 the decay rate of K+→µ+νh can be more than four times
larger than that of the SM process K+→µ+ν depending on the heavy neutrino mass, see Fig. 1(a).
The advantages of searches for heavy neutrino production are two-fold: limits on |Uµ4|2 scale lin-
early with the number of K+→µ+ν decays observed; and limits on |Uµ4|2 can be set regardless of
whether lepton-number-violating processes are induced by the heavy neutrino.

(a) (b)
Figure 1: Value of f (mh) normalised to the K+→µ+ν branching fraction assuming |Uµ4| =1 for
K+→µ+νh decays (red) and |Ue4| =1 for K+→e+νh decays (blue) (a), and the current experimental limits
on |Uµ4|2 (b), both as a function of mh.

Existing limits on heavy neutrino production are at the level of ∼10−8 for heavy neutrino
masses from 175 to 300 MeV/c2 [4] and at the level of ∼10−6 for heavy neutrino masses from 70
to 330 MeV/c2 [5], as shown in Fig. 1(b). A region of interest remains between the kinematic limit,
which is around 380MeV/c2, and the existing experimental limits. This region of interest has been
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probed by the NA62 experiment at CERN. The NA62 experimental setup in 2007 and in 2015 is
reported in Sec. 2. New limits on heavy neutrino production based on data collected in 2007 are
reported in Sec. 3. Prospects for similar measurements based on the data collected by NA62 during
2015 are reported in Sec. 4.

2. The NA62 experiment at CERN

The kaon physics programme at NA62 begins with a beam of p = 400GeV protons extracted from
the CERN Super Proton Synchrotron (SPS). The protons are directed onto a Beryllium target,
producing secondary hadrons of which about 6 percent are kaons. Those secondary hadrons are
formed into beams, with charge(s) and momenta selected using an achromat formed of several
dipole magnets. The beams are then focused and transported to the NA62 detector.

2.1 The NA62 experiment in 2007

The NA62 experiment utilises both positive and negative beams, which were required to have
momenta of 74±1.4 GeV and could be run together or separately. Periods where only the positive
(negative) beam enters the detector are known as K+ (K−) periods. Periods where neither beam
enters the detector are known as K-less periods. The beams were directed through a 114 m vacuum
tank, which defined the fiducial volume (decay volume) of the experiment. The beam hadrons were
accompanied by a flux of stray “halo” muons produced by kaon and pion decays upstream of the
decay volume.

In 2007 the NA62 detector was the same as that of the earlier NA48/2 experiment, which is
described in detail in Ref. [6] and is shown in Fig. 2. The momenta of charged particles were
measured by a magnetic spectrometer that consisted of four drift chambers immersed in Helium,
and a dipole magnet. The spectrometer had a momentum resolution of σp/p= 0.48%⊕0.009% · p,
where the momentum p is expressed in GeV/c. A charged-particle hodoscope (CHOD), which
consisted of two planes of plastic scintillator strips, was used to produce fast signals for the trigger
system. The liquid Krypton (LKr) electromagnetic calorimeter had 13248 readout cells without
longitudinal segmentation, providing high granularity in the transverse plane. The LKr energy
resolution was σE/E = 3.2%/

√
E⊕9%/E⊕0.42%, where E is expressed in GeV, and the spatial

resolution was σx = σy = 0.42 cm/
√

E⊕0.06 cm. A muon-veto (MUV) system composed of three
planes of plastic scintillator strips was located at the downstream-end of the detector.

2.2 The NA62 experiment in 2015

The 2015 experimental setup is described in detail in Ref. [7]. Aside from beam-line modifications
so that only a positive hadron beam could be transported to the detector, a magnet system was
introduced that increased the beam intensity by a factor of 90.

A schematic of the NA62 detector as it was 2015 is shown in Fig. 3. The KTAG and GTK
detectors make a precise measurement of the time and momenta of each kaon that enters the decay
volume. The drift chambers used in 2007 were replaced by four stations of straw tubes operated
in vacuum. A hermetic system of photon vetoes means that K+ decays that produce a π0 in the
final state can be efficiently removed. The old MUV system was replaced by a single layer of
transversely segmented plastic scintillator (MUV3).
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Figure 2: The NA62 detector in 2007.

Figure 3: The NA62 detector in 2015.

3. New limits on heavy neutrinos with the 2007 data

Events were selected by the trigger system based on the presence of coincident signals in time
and space in the two CHOD planes, along with loose upper- and lower- requirements on the hit
multiplicity in the drift chambers. A downscaling of 150 was applied at the trigger level. The level
of background was found to be substantially lower during the K+ periods, so only these periods are
used for the measurement. As such, candidate K+→µ+N decays are selected by requiring there
to be exactly one positively charged track reconstructed in the spectrometer.

The track is required: to be within the geometrical acceptance of the LKr and MUV detectors;
to have a momentum between 10 and 65 GeV/c; to be within±20 ns of the trigger time recorded by
the CHOD; to have a distance of closest approach (CDA) to the beam axis of less than 3 cm; and to
be associated in time and space with signals from the first two planes of the MUV detector. Events
are rejected if there are clusters of energy greater than 2 GeV reconstructed in the LKr that are not
consistent with the track. About 8 M candidate K+→µ+ν decays are selected in the 2007 data.
The missing mass spectrum of candidate K+→µ+N decays is shown in Fig. 4(a). The background
is dominated by K+→π0µν decays, along with a sizeable contribution from halo muons.

The search for heavy neutrino production is made by setting a limit on the number of K+→µ+νh

decays using the Rolke-Lopez method [8]. The limit is computed using the number of observed and
expected events in a given search window, along with the uncertainty on the number of expected
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events in that window. The limit is computed for heavy neutrino masses across a search region that
extends from 300 to 375 MeV/c2 in steps of 1 MeV/c2. The size of the search window at each step
is defined by the heavy neutrino mass resolution at that step, which reduces from∼5 to∼1MeV/c2

across the search region. The expected number of events is estimated using simulated events. The
uncertainty on the expected number of events is dominated by the halo muon contribution, which
is modelled using data collected during K− and K-less running periods.

The computed upper limit on the number of heavy neutrino decays is shown in Fig. 4(b). The
limit can be converted to a limit on |Uµ4|2 using equation 1.1. Limits are set on heavy neutrino
production at the level of ∼10−6 for heavy neutrino masses from 300 to 375 MeV/c2, as shown
in Fig. 4(c). The limit on |Uµ4|2 is compared to existing limits on heavy neutrino production in
Fig. 4(d). The NA62 limits are more stringent than existing limits in the 325.mh .375MeV/c2

range.

(a) (b)

(c) (d)
Figure 4: The distribution of candidate K+→µ+N events in the NA62 data collected in 2007, overlaid with
the distribution of simulated events (a). As a function of mh: limit on the number of K+→µ+νh decays in
the data (b); limit on |Uµ4|2 (c); comparison of the NA62 limits on |Uµ4|2 with existing limits (d).
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4. Prospects for heavy neutrino searches with the 2015 data

During 2015 the NA62 experiment collected data using a minimum-bias trigger selection over a pe-
riod of five days. A preliminary analysis of the data shows that around 23 M candidate K+→µ+ν

decays satisfy the trigger and selection criteria, corresponding to a single event sensitivity ∼10−8.
The background level in the heavy neutrino search region is a factor of 100 lower than in 2007.

The lower level of background in 2015 means that, unlike the 2007 data, the 2015 data can
also be used to set competitive limits on heavy neutrino production in the K+→e+ν decay. Limits
on the electron mode impose constraints to the |Ue4|2 mixing element, and due to the mass of the
electron being smaller than that of the muon, also extends the range of accessible heavy neutrino
masses beyond ∼380MeV/c2, as seen in Fig. 1(a). A preliminary analysis of the 2015 data shows
that about 1500 candidate K+→e+ν decays satisfy the trigger and selection criteria. Given the low
level of background, the analysis of 2015 data from NA62 is expected to improve existing limits
on the K+→e+νh decay by an order of magnitude.

5. Summary

The NA62 experiment is probing an interesting region of heavy neutrino parameter space by search-
ing for heavy neutrino production in the K+→µ+νh decay. Using NA62 data collected in 2007 the
world’s most stringent limits on heavy neutrino production were set at the level of∼10−6 for heavy
neutrino masses in the range 325.mh.375MeV/c2. The prospects for improved limits on heavy
neutrino production based on the NA62 data collected in 2015 were also reported. Improvements
of one order of magnitude beyond existing limits are possible in K+→µ+ν and K+→e+ν decays.
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