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Since the Standard Model cannot describe the observed baryon asymmetry or dark matter density
in the universe, many models of New Physics introduce heavy neutrinos as an explanation for
these effects. Such heavy Dirac or Majorana neutrinos could be produced at future linear e*e™
colliders, such as the Compact LInear Collider (CLIC) or the International Linear Collider (ILC).
We analysed the possibility of observing the production and decay of the heavy neutrinos in the
qq! final state at ILC running at 500 GeV and 1 TeV and CLIC running at 3 TeV. In the analysis, the
event generation was based on Whizard and fast simulation of the detector response was performed
with DELPHES. Both Dirac and Majorana neutrinos with masses from 200 GeV to 3.2 TeV were
considered. Estimated limits on the production cross sections and on the neutrino-lepton coupling
were compared with the current CMS limits, as well as the projected limits coming from future
hadron colliders. The obtained results are more stringent than any other limit estimate published
so far.
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1. Introduction

Different models of extension of the Standard Model (SM) are proposed to address problems
of this fundamental theory, such as baryon asymmetry or observed dark-matter density. One of the
ways to address the issues is to introduce new species of neutrinos. Right-handed neutrinos with
masses of hundreds of GeV could be produced and detected at future linear e*e™ colliders, such as
CLIC [1] or ILC [2]. In our paper [3], we considered the possibility of observing decays of heavy
Dirac and Majorana neutrinos into the final state gg/ (experimentally measured as two observed
jets and one lepton) at ILC running at 500 GeV (with a total integrated luminosity of 4000 fb~!) and
1 TeV (with 8000 fb~1) [4], and at 3 TeV CLIC (with 5000 fb~!) [5]. The achieved limits exceed
all other estimates published to date for pp machines by several orders of magnitude. The results
presented in this contribution were previously presented in [6].

2. Model setup

For the generation of reference signal samples, we used the HeavyN model [7, 8] with Dirac or
Majorana neutrinos. It is an effective extension of the Standard Model introducing three flavours
of right-handed neutrinos (denoted as N1, N2 and N3). 12 free parameters in addition to the SM
parameters are introduced in the model: three heavy neutrinos masses (mpy, my2 and my3) and
nine real mixing parameters (Vjx, where [ = e, u, 7 and k = N1, N2, N3). The Lagrangian yields:

L=Lsu+ LN+ Lwne+ Lzny + Luny (1)
where L is a sum of kinetic and mass terms for heavy neutrinos:
Ly =&, (Nid N — mpy,NiNi) fork=1, 2,3, ()

with an overall factor &,, = 1 for the Dirac neutrino and &,, = % for the Majorana neutrino scenarios.
Lwne corresponds to neutrino interactions with a W boson:

3 T
Lwne = —iW; Z Z NiViyHPLe™ + he., (3)
V2 T

Lzn to interactions with a Z boson:
3

g —
___ 5 7 § N Vi yHPrvi + he., 4
Lzny 2 cos Oy u 1L ViRV ELvi 4

~

and Ly, to interactions with a Higgs boson:

3 7
gMmy SR
=—-=>— P h.c.
Luany M h g:l ;:e NV PLvi+ he )

The vertices that involve N introduced in the model are illustrated in Figure 1.
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3. Simulation framework

In the presented analysis, we focus on the production of a light-heavy neutrino pair followed by
the decay of the heavy neutrino into gg/, which corresponds to a j j/ signature, as shown in Figure
2. This signature allows for a complete reconstruction of the decaying neutrino and hence its mass.

Since the generation of the neutrino pair is very sensitive to the initial beam polarisation, we
analysed the possibility of heavy neutrino detection only at preferred polarisation settings. We
consider ILC running at 500 GeV (1 TeV), with beam polarisation of —80% for electrons and +30%
(+20%) for positrons, and an integrated luminosity of 1.6 ab~! (3.2 ab™!), and CLIC running
at 3TeV, with an integrated luminosity of 4ab~! and —80% electron beam polarisation only (no
polarisation for positrons).

WHizArD 2.8.5 [9] (ver. 3.0.0 for the production of Majorana neutrino samples) was used to
generate signal events. In order to simplify the analysis, it is assumed that only one heavy neutrino
(N1) couples with SM particles. Therefore, the masses of N2 and N3 are fixed to 10 TeV and
their couplings to zero. Masses of N1 in the range 200-3200 GeV were considered, and all the
couplings to the SM leptons (denoted as VIZN) were set to the same reference value of 0.0003. As
for the background, processes with at least one lepton in the final state were taken into account. We
also included y-induced background channels, both from real photons (from beamstrahlung) and
virtual ones (generated within the Equivalent Photon Approximation). The fast detector simulation
framework DeLPHES 3.4.2 [10] was then used to model detector response, with built-in cards for the
parameterisation of the ILC and CLIC detectors. An exclusive two-jet clustering mode was applied
due to the expected signal topology.

4. Analysis procedure and results

Only events with expected signal topology of two jets and one charged lepton (electron or
muon) were accepted for further analysis. Events with any other activity in the detector (for
instance, reconstructed photons) were rejected. Figure 3 shows the reconstructed distributions of
the invariant mass of two jets and a lepton, separately for accepted events with an electron and a
muon in the final state, for ILC running at 500 GeV. One can notice that peaks at a mass of 300 GeV
(the reference scenario) for the signal distributions are visible in both plots.

The Boosted Decision Trees (BDT) method implemented in the TM VA package [11] was used to
distinguish between signal and background events in the next step. The algorithm was trained using
eight input variables that characterise the kinematics of the event. The BDT response distribution
was then used to build a model describing the measurement within the RooStats package. By scaling

{ v D

N N N

Figure 1: Extra vertices in the HeavyN model.
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(a) electron channel (b) muon channel

Figure 3: Expected gql mass distribution 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 y-induced background
and thick green lines for the signal with Dirac neutrinos with a mass of 300 GeV.

V12N with respect to the reference scenario, we extracted 95% C.L. limits on the heavy neutrino
production cross section for the processes considered using the CLg approach. Due to much smaller
background levels, combined limits on the cross sections are dominated by the measurements in the
muon channel. Only for the highest neutrino masses probed at CLIC, above 2 TeV, the results for
the electron channel are more stringent, as shown in Figure 4.

The cross-section limits were then translated into coupling limits VIQN. In Figure 5a, the
projected limits for Majorana and Dirac neutrinos are presented. The comparison shows that they
are similar up to the energy threshold, but they split for the off-shell heavy neutrino production,
which is more sensitive to the neutrino width and thus to the neutrino nature. In Figure 5b, the
coupling limits calculated for Dirac neutrinos at future lepton colliders are compared with the limits
obtained for hadron machines. The CMS limits for the LHC running at 13 TeV (Fig. 2 in [12]) were
obtained for the Majorana nature of the neutrinos. The projections for HL-LHC and future possible
successors of the LHC were taken from [7] (Fig. 25b). In this paper, Dirac neutrinos with only two
nonzero flavour couplings were considered (VeZN = Vi N7 VfN = 0). For such an assumption, our
analysis would have provided even stronger limits than those presented above.
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Figure 4: 95% C.L. limits on the cross section of the heavy Dirac neutrino production and decay (the gglv
final state) as a function of the neutrino mass for different collider setups.

5. Conclusions

Many theories suggest that new particles beyond the Standard Model exist. We analysed the
possibility of discovering heavy neutrinos of Dirac and Majorana natures at future linear lepton
colliders. Our analysis procedure allows setting limits on the VlzN coupling which are much
more stringent than any LHC results, as well as estimates for other higher-energy hadron machines
published so far. Currently, an extended analysis procedure suited for model discrimination between
the Dirac and Majorana natures is being developed.
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Figure 5: Left: Comparison between results for Majorana (dashed line) and Dirac (solid line) neutrinos for
different collider scenarios. Right: limits on the coupling VIZN for different colliders.

o7 References

¢ [1] A.Robson, PN. Burrows, N. Catalan Lasheras, L. Linssen, M. Petric, D. Schulte et al., The
99 Compact Linear e*e™ Collider (CLIC): Accelerator and Detector, 1812 .07987.

10 [2] C. Adolphsen et al. (eds.), The International Linear Collider Technical Design Report -
101 Volume 3.11: Accelerator Baseline Design, 1306.6328.

12 [3] K. Mgkata, J. Reuter and A.F. Zarnecki, Heavy neutrinos at future linear e*e™ colliders,

103 JHEP 06 (2022) 010 [2202.06703].

104 [4] P. Bambade et al., The International Linear Collider: A Global Project, 1903.01629.

15 [5] CLICpp & CLIC collaboration, The Compact Linear Collider (CLIC) - 2018 Summary

106 Report, 1812.06018.

17 [6] K. Mekala, A.F. Zarnecki, J. Reuter and S. Brass, Heavy Neutrinos at Future Linear e*e™

108 colliders, PoS NuFact2021 (2022) 187.

109 [7] S.Pascoli, R. Ruiz and C. Weiland, Heavy neutrinos with dynamic jet vetoes: multilepton
110 searches at \[s = 14, 27, and 100 TeV, JHEP 06 (2019) 049 [1812.08750].

1 [8] A. Atre, T. Han, S. Pascoli and B. Zhang, The Search for Heavy Majorana Neutrinos, JHEP

112 05 (2009) 030 [0901.3589].

13 [9] W. Kilian, T. Ohl and J. Reuter, WHIZARD: Simulating Multi-Particle Processes at LHC and
114 ILC, Eur. Phys. J. C71 (2011) 1742 [0708.4233].

1

5 [10] DELPHES 3 collaboration, DELPHES 3, A modular framework for fast simulation of a

116 generic collider experiment, JHEP 02 (2014) 057 [1307.6346].

1

1

7 [11] A. Hocker et al., “TMVA - Toolkit for Multivariate Data Analysis.” arXiv:physics/0703039.

s [12] CMS collaboration, Search for heavy neutral leptons in events with three charged leptons in

119 proton-proton collisions at \[s = 13 TeV, Phys. Rev. Lett. 120 (2018) 221801 [1802.02965].


https://arxiv.org/abs/1812.07987
https://arxiv.org/abs/1306.6328
https://doi.org/10.1007/JHEP06(2022)010
https://arxiv.org/abs/2202.06703
https://arxiv.org/abs/1903.01629
https://arxiv.org/abs/1812.06018
https://doi.org/10.22323/1.402.0187
https://doi.org/10.1007/JHEP06(2019)049
https://arxiv.org/abs/1812.08750
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://doi.org/10.1140/epjc/s10052-011-1742-y
https://arxiv.org/abs/0708.4233
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://arxiv.org/abs/physics/0703039
https://doi.org/10.1103/PhysRevLett.120.221801
https://arxiv.org/abs/1802.02965

	Introduction
	Model setup
	Simulation framework
	Analysis procedure and results
	Conclusions

