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Neutrinos are the most elusive particles known. Heavier sterile neutrinos mixing with the Standard
Model partners might solve the mystery of the baryon asymmetry of the universe and take part in
the mass generation mechanism for the light neutrinos. Future lepton colliders, including 𝑒+𝑒−

Higgs factories, as well as multi-TeV electron and muon machines, will provide the farthest search
reach for such neutrinos in the mass range from above the Z pole into the multi-TeV regime. In our
contribution, we will discuss the future lepton collider search potential for such particles in their
prompt decays. We will also present a new approach to constrain the nature of heavy neutrinos,
probing their Majorana or Dirac nature, based on the kinematic variable distributions. Finally, we
will discuss the complementarity in the flavour-mixing parameter space between the two types of
lepton colliders.
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1. Introduction

To address several problems of the Standard Model, different models of new physics have been
proposed. One of the possible scenarios is to introduce new species of neutrinos which, having
masses of hundreds of GeV, could be abundantly produced and detected at future lepton colliders,
such as CLIC [1], ILC [2] or a muon collider (MuC) [3]. In our papers [4, 5], we studied the
discovery reach for heavy Dirac and Majorana neutrinos decaying into two jets and a lepton at ILC
running at 250 GeV, 500 GeV and 1 TeV (with a total integrated luminosity of 2 ab−1, 4 ab−1 and
8 ab−1, respectively), CLIC at 3 TeV (5 ab−1) and MuC at 3 TeV and 10 TeV (1 ab−1 and 10 ab−1,
respectively). We also showed how to efficiently probe the nature of the new states. The expected
limits exceed all estimates published to date for 𝑝𝑝 machines by several orders of magnitude.

2. Model setup and simulation framework

The HeavyN model [6, 7] has been employed for the generation of reference signal samples.
It effectively extends the Standard Model by three right-handed neutrinos (denoted as 𝑁1, 𝑁2 and
𝑁3) which mix with the SM leptons. The model introduces 12 new parameters as compared to
the SM: three heavy neutrinos masses and nine real mixing parameters (𝑉𝑙𝑘 , where 𝑙 = 𝑒, 𝜇, 𝜏 and
𝑘 = 𝑁1, 𝑁2, 𝑁3). The heavy-neutrino vertices introduced in the model are illustrated in Fig. 1.

In the presented analysis, we focus on the production of a light-heavy neutrino pair followed
by the decay of the heavy neutrino into two jets and a charged lepton, as shown in Fig. 2. This
signature allows for a complete reconstruction of the mass of the heavy neutrino. With a dominant
contribution coming from the t-channel 𝑊 exchange, the cross section for the neutrino pair is
very sensitive to the initial beam polarisation. Hence, we studied the prospects for heavy neutrino
detection only for preferred polarisation settings. We considered ILC running at 250 GeV and
500 GeV (1 TeV), with beam polarisation of −80% for electrons and +30% (+20%) for positrons,
and an integrated luminosity of 0.9 ab−1 and 1.6 ab−1 (3.2 ab−1), and CLIC running at 3 TeV, with
an integrated luminosity of 4 ab−1 and −80% electron beam polarisation only (no polarisation for
positrons). As for the MuC, no beam polarisation was considered and a total integrated luminosity
of 1 ab−1 and 10 ab−1 was assumed for 3-TeV and 10-TeV running, respectively. While Whizard
2.8.5 [8] was used to generate most of the event samples, version 3.0.0 was required to properly
simulate Majorana neutrino production.

The analysis was simplified by setting the masses of 𝑁2 and 𝑁3 to 100 TeV and all their
couplings to zero. A wide range of masses of 𝑁1 was probed, starting at 100 GeV, going up
to the collision energy and even above. For the reference scenario, all the 𝑁1 couplings to
the charged leptons (denoted as 𝑉2

𝑙𝑁
) were set to the same value of 0.0003. Processes with at

Figure 1: Heavy-neutrino interaction vertices introduced in the HeavyN model.
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Figure 2: Light-heavy neutrino pair production signal considered in the study.
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Figure 3: Expected distribution of the 𝑞𝑞𝑙 mass for ILC running at 500 GeV, for electrons (left) and muons
(right) in the final state. Black solid lines stand for the 𝑒+𝑒− background, red dashed lines for the 𝛾-induced
background and thick green lines for the signal of a 300-GeV Dirac neutrino.

least one charged lepton in the final state were generated as background. For the 𝑒+𝑒− colliders,
contributions from 𝛾-induced background channels, both from real photons (beamstrahlung) and
virtual ones (generated within the Equivalent Photon Approximation), were taken into account.
The corresponding processes at the MuC were found to be negligible. The fast detector simulation
framework Delphes 3.4.2 [9] was used to model detector response. Due to the expected signal
topology, an exclusive two-jet clustering mode was applied.

3. Analysis procedure

For further analysis, we selected events with two jets, one charged lepton (electron or muon)
and no other activity in the detector. Fig. 3 shows distributions of the reconstructed invariant
mass of the jets and lepton, separately for accepted events with electrons and muons in the final
state, for ILC running at 500 GeV. The visible peaks in both plots correspond to a heavy neutrino
with a mass of 300 GeV. In the next step, we used a Boosted Decision Trees (BDT) classifier
implemented in the TMVA package [10]. The algorithm was trained using eight input variables
which characterised the kinematics of the process. The BDT response distribution was then used
to build a model describing the measurement within the RooStats package. By scaling 𝑉2

𝑙𝑁
with

respect to the reference scenario, we extracted the expected 95% C.L. limits on the mixing parameter
using the CL𝑠 approach. Combined limits are dominated by measurements in the channel in which
the background is smaller: the muon channel for the 𝑒+𝑒− colliders, the electron channel for the
MuC.

In Fig. 4, the coupling limits calculated for Dirac neutrinos at future lepton colliders are
compared with limits obtained for hadron machines. The CMS limits for the LHC running at 13 TeV
(Fig. 2 in [11]) were obtained assuming the Majorana nature of the neutrinos. The projections for
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Figure 4: Expected limits on the coupling 𝑉2
𝑙𝑁

for 𝑒+𝑒− colliders (left) and the Muon Collider (right).

210×3 310 310×2
 [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

102 lN
lim

. V

ILC500

ILC1000

CLIC3000

1− 0.5− 0 0.5 1
)qqθ*cos(

l
q

10

210

310

410

510

610

 E
ve

nt
s

bkg
sig
sigM

Figure 5: Left: Comparison between results for Majorana (dashed line) and Dirac (solid line) neutrinos for
different collider scenarios. Right: distribution of the cosine of the dĳet emission angle multiplied by the
lepton charge for background (black solid line), Dirac signal (thick green line) and Majorana signal (dashed
blue line).

HL-LHC and future possible successors of the LHC were taken from [6] (Fig. 25b). In this paper,
Dirac neutrinos with only two nonzero flavour couplings were considered (𝑉2

𝑒𝑁
= 𝑉2

𝜇𝑁
≠ 𝑉2

𝜏𝑁
= 0).

For such an assumption, our analysis would provide even stronger limits than those presented above.

4. Model-discrimination potential

The procedure described above has however little discriminant power between different possible
natures of the heavy neutrino. It can be observed in Fig. 5 (left) where results for Majorana and
Dirac neutrinos are compared. The comparison shows that they are very similar up to the energy
thresholds and split for the off-shell heavy neutrino production, which is more sensitive to the
neutrino width and thus to the neutrino nature.

To distinguish between the Dirac or Majorana natures of the heavy neutrino, we decided to
consider variables sensitive to the CP properties of the produced particles. The 8-variable set
used for BDT training was extended by 2 new variables, the cosines of the dĳet and of the lepton
emission angle multiplied by the lepton charge. As shown in Fig. 5 (right), the distribution differs
significantly for Dirac and Majorana samples.

The BDT training was performed twice for each neutrino mass; first, the algorithm was trained
to distinguish between the lepton-number-violating (LNV) signal sample and the background sample
contaminated with the lepton-number-conserving (LNC) signal sample with some arbitrary weight
𝛼𝐵𝐷𝑇 (𝛼𝐵𝐷𝑇 = 1 means that the relative weight of the background channel and the signal sample is
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Figure 6: Two-dimensional distributions of the BDT classifier response for the background sample (left),
Dirac neutrino production signal (middle) and Majorana neutrino production (right).
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Figure 7: Comparison of the expected exclusion limits (dashed line), 5𝜎 discovery limits (dotted line) and
discrimination limits between Majorana and Dirac neutrinos (solid line) for different collider scenarios.

the same as for the reference value of the mixing parameter). For the second training, the LNV and
LNC samples were swapped. Then, 2-dimensional distributions of the sum and the difference of
the BDT responses (the rotation of the variables slightly improved the separation for the rectangular
binning), as shown in Fig. 6, were used for statistical analysis based on a test statistic:

𝑇 (𝛼𝑙𝑖𝑚) =
∑︁
𝑏𝑖𝑛𝑠

𝛼2
𝑙𝑖𝑚

(𝐷 − 𝑀)2

𝐵 + 𝛼𝑙𝑖𝑚 · 𝐷+𝑀
2

+ #DOF, (1)

where 𝐷, 𝑀 and 𝐵 stand for the numbers of Dirac, Majorana and background events in a given
bin, 𝛼𝑙𝑖𝑚 is a parameter modifying the signal cross section and #DOF, the number of degrees of
freedom, reflects the expected statistical fluctuations of event numbers in the 2-D histogram bins.

To find the minimum coupling limit allowing for model discrimination at 95% C.L., which we
will refer to as the discrimination limit in the following, the parameter 𝛼𝑙𝑖𝑚 was varied for each
mass to obtain the test statistics value 𝑇 corresponding to the critical value of the 𝜒2 distribution for
probability 𝑝 = 0.95 and the considered number of degrees of freedom: 𝑇 (𝛼𝑙𝑖𝑚) = 𝜒2

𝑐𝑟𝑖𝑡
(#𝐷𝑂𝐹).

The procedure was iterated for different values of 𝛼𝐵𝐷𝑇 producing a set of minimal values of 𝛼𝑙𝑖𝑚;
the smallest of them was used to scale the reference coupling parameter to obtain the final limit
at each mass value. The results are shown in Fig. 7. The analysis confirms that once the heavy
neutrinos are discovered at lepton colliders, their nature will be revealed as well.
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5. Conclusions

Many theories suggest that new particles exist beyond the Standard Model. We analysed the
possibility of discovering heavy neutrinos of Dirac and Majorana natures at future lepton colliders.
The proposed analysis strategy results in the expected limits on the 𝑉2

𝑙𝑁
coupling which are much

more stringent than any LHC results, as well as other estimates for other higher-energy hadron
machines published so far. The analysis framework was extended to discriminate between the Dirac
and Majorana nature of the heavy particles.
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