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Abstract

The Future Circular electron-positron Collider (FCC-ee) is a proposed high lumi-
nosity particle accelerator for high precision measurements and possible discovery
potential for new physics. Heavy Neutral Leptons (HNLs) are hypothetical particles
with discovery potential at the FCC-ee which could provide explanations for seve-
ral observations of physics beyond the Standard Model. This thesis focuses on the
semi-leptonic decays of HNLs within the Phenomenological Type I Seesaw model,

with one single HNL mixing with electron neutrinos only.

Two studies, the first exploring the sensitivity of the FCC-ee for HNLs and
the second investigating its capacity to distinguish Dirac from Majorana HNLs, are
introduced. Both studies are performed using the FCC-ee framework for the expe-
rimental run at the Z pole. The sensitivity study explores the signal significance
against several generated background events and proposes an event selection op-
timized accross a range of HNL masses. The final result consists of a sensitity plot
as a function of mass and mixing angle. The Dirac versus Majorana study explores
several jet-related kinematical variables for HNL masses of 20, 50 and 70 GeV with a
mixing angle of V.5 = 107%. As a result, several discriminating variables are propo-

sed as efficient discriminants.
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1 Introduction

The Standard Model (SM) is a very successfull theoritical framework des-
cribing the elementary particles and their interactions. It has predicted the existence
of the Higgs boson fifty years before its discovery and has been tested to the une-
qualled precision of O(107'?) in its Quantum Electrodynamics (QED) predictions
[30], [11]. However, the SM still appears to be incomplete as it lacks explanation
for well-established observed phenomena, such as the lightness of neutrino masses,

dark matter or the baryonic asymmetry of the Universe, among others.

The usual way to answer these questions is to introduce one or multiple new
particles, possibly with new interacting mechanisms in order to reconcile theory and
measurements. Consequently, the discovery of yet to be detected particles has to
come with the design of more sensitive detectors or even better, new particle acce-
lerators. The Future Circular Collider (FCC) at the CERN is without any doubt the
most exciting project currently being discussed, as it promises to be the next worl-
d’s largest particle accelerator. Its first phase, FCC-ee, will be focusing exclusively
on electron-positron collisions and will offer an unmatched integrated luminosity of
150 ab~! during its first four years of operation. This amount of statistics is perfect
for high-precision studies of the SM, but can also be used for the direct discovery of

feebly interacting particles.
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Heavy Neutral Leptons (HNLs) are hypothetical particles with masses ran-
ging from a few GeVs to several TeVs, which could provide crucial insights into the
origin of neutrino masses, dark matter, and the matter-antimatter asymmetry co-
nundrum. This thesis focuses on the semi-leptonic decays of HNLs in the context of
the Phenomenological Type I Seesaw model and contains two studies. The first is
a sensitivity analysis of HNLs in the FCC-ee framework, where the HNL signal is
compared to multiple SM background samples and several event selections based
on kinematical variables are proposed. The final results are presented in a sensiti-
vity plot that explores the simulated parameter space of mass and mixing angles.
The second study aims at evaluating the capacity to discriminate the Dirac from the
Majorana nature of HNLs in the semi-leptonic channel within the FCC framework,
and is the continuation of a previous study focusing on the fully-leptonic channel.
As a result, several discriminating variables are proposed as efficient discriminants

for HNL masses of 20, 50 and 70 GeV, with a mixing angle of V,y = 1073,

This thesis is structured as follows. Section 2 outlines the theoritical back-
ground behind the analyses. Section 3 describes the specifics of event generation
and simulation in the FCC framework. Sections 4.1 and 4.2 contain the core of the
sensitivity and Dirac vs. Majorana analysis, respectively. Finally, the conclusion is

presented in Section 5.
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2 Background and litterature review

This section aims at giving the reader a comprehensive overview of the theo-
ritical framework behind these analyses. It contains a short description of HNLs in
the context of the Phenomenological Type I Seesaw model which gives rise to Di-
rac and Majorana HNLs, and a brief overview of FCC-ee and its potential reach on

HNLs.

2.1 Heavy Neutral Leptons

The observation of neutrino flavor oscillations [20], [19] can be elegantly ex-
plained by admitting that the Standard Model (SM) neutrinos have nonzero mass
through the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [32] mixing matrix. These
observations directly contradict the original SM assumption that neutrinos are mass-
less particles. An extension of the SM is thus necessary to account for these nonzero
neutrino masses. One simple and elegant extension of the SM which accounts for the
small but nonzero mass of SM neutrinos is the introduction of Heavy Neutral Lep-
tons (HNLs), also referred to as sterile neutrinos. These HNLs are the right-handed
partners of the exclusively left-handed SM neutrinos and have no electric, weak or
color charge. Hence, they can only interact via their coupling to the Higgs field and
to SM neutrinos, generating their small masses via the so-called Seesaw mechanism
[33]. There are many different versions of Seesaw models, which can greatly vary in

their implementation and complexity [5], as well as in the physics scale they are pro-
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bing. The common minimal implementation of these Seesaw models are the Type

I, Type II and Type III Seesaw models, which can then be extended towards more

complex theories. For this thesis, we focus on the benchmark Type I Seesaw model,

which we will now describe.

21.1 TypeI Seesaw model

In Type-I Seesaw models, the SM is extended by the introduction of A/ right-

handed fermions (which we identify as HNLs) that couple to the SM neutrinos in

the same way as the coupling between the left — and right — handed components

of charged leptons. For the Type-I Seesaw model, the interaction terms between the

HNLs (NNV;) and the Z, W and Higgs (H) bosons in the Lagrangian are given by [

with

L=V L%+ L

L% = — XT:ZNV;ZZW “Pryg, +h.c

2c050W

l=e 1=1

XT: Z NiViWy"PLl™ 4 he

lezl
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l=e 1=1

]

(1)

4)

As these HNLs are singlets under the gauge symmetries of the SM, U(1) x

SU(2) x SU(3), a Majorana mass term is also allowed. In that case, we have have
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two mass terms, one Dirac mass (mp) term formed between the regular neutrinos

and the HNL, and a Majorana mass term (/) involving only the HNL (Np) :

mDV_LNR + h.c M(NR)CNR + h.c (5)

For simplicity, we consider the case of a single v and N. The same logic can be ap-
plied to include three neutrinos and an arbitrary number of N. We can then write a

combined Dirac-Majorana mass term using a neutrino mass matrix as :
(Vg N R) (6)

This matrix can then be diagonalized in order to obtain the mass eigenstates of the
left — and right — handed neutrinos [28]. Assuming mp < M, which can be des-
cribed as the Seesaw mechanism condition, the mass eigenstates are then derived
as:

2
myx% my ~ M (7)

Thus, in the Seesaw mechanism, m, is suppressed by the large value of M over mp.
This mechanism provides a natural explanation for the lightness of neutrino masses,
as the Dirac mass is presumably generated via the Higgs mechanism and would be
of the same order as the mass of a quark or a charged lepton (in the same generation

of the neutrino we are considering). Note that in this benchmark model, the mixing
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angle and the HNL mass are taken to be independent from each other. Depending
on the physical phenomenom to be accounted for, one can find strong constraints on
the mixing angle and mass of the HNL. For simplicity, this analysis considers only
the lightest HNL mixing only with electron neutrinos, /V;, denoted by N, with mass
and mixing my and V.y. We further emphasize that considering only one HNL is
for bench-marking and studying purposes only, as more realisitic scenarios usually

constain multiple mass eigenstates.

2.1.2 Feynman diagrams

In principle, the Feynman rules can then be determined from the lagran-
gian given in equation [1], keeping in mind that additional rules apply for Majorana
particles as these allow lepton number violating (LNV) decays in addition to lep-
ton number conserving (LNC) decays. In our case, we will leave the Feynman rules
to the theorists, and will focus on the feynman diagrams and branching ratios cor-
responding to our processes of interest. In general, the HNL can be produced from
Z,W or Higgs-boson decays through mixing with the SM neutrinos. For this analy-
sis, we will be focusing on semi-leptonic decays of HNLs produced in the Z-channel.
As mentioned earlier, Majorana HNLs allow for lepton number violating decays, so
these will possess twice as many diagrams as the Dirac ones (both LNC and LNV).

Figures [1] and [2] show the different Feynman diagrams of interest.
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(a) W~ channel. (b) W channel.

Figure1 LNC diagrams for the evjj channel

e+
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(a) W~ channel. (b) W channel.

Figure 2 LNV diagrams for the evjj channel

The decay width of Z — 1;N; depends on the specific coupling between
the HNL and the SM neutrinos states which is denoted by 6;;, with i = e, u, 7, and
j = 1,2, corresponding to the sterile neutrino. Neglecting the masses of the light

neutrinos and charged leptons, the decay rate reads [10] :

M
mz
= 10,2 - Grmz <%)
62 -7 mz
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Where [0;;|* = >, ; 07;, G is the Fermi coupling constant, and the phase space factor

My\ 1 M2\* M2
()= () (o) ¥

Note that the decay rates of Z to N are the same as the ones to N, i.e. ['(Z — ;N;) =

is given by

I'(Z — 7;N;). The HNL can then decay through the same channels as they can be
produced. In particular, the decay rate for the HNL decaying to two quarks and a

charged lepton via a W-boson, I'(N — [*¢q’) is given by :

(N — IXq7) = |9 |2G\;§MNF(W—>Q oF %( _&) <1+ mz) (10)

A typical signature of a visible decay from an HNL in the semi-leptonic channel
would then be characterised by a di-jet system associated to the quark pair, as well
as an isolated charged lepton (e in this analysis), with missing momentum from the

neutrino.

Lifetime While the number of HNLs produced in Z-decays along with a lepton or
antilepton of a given flavour is the same for Dirac and Majorana HNLs, their decay
rates differ by a factor two due to LNV decays being allowed for Majorana HNLs.
The total decay rate can be written as [24] :

a
FN ~ CdecWUQM]?/'G%’ (11)
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with a ~ 12 for My < My and cge. =1 (c4ec =1/2) for Majorana (Dirac). The corres-

ponding decay length is then

ﬁ’)/ 1.6 MN -6 MN 2
S - (2 . 12
M=y ™ Uy, \Gev mz) ) 12

Therefore — in this simplified scenario — one could unambiguously distinguish

Dirac from Majorana HNLs by determining c... In more realistic models, with nyn; >

1, the situation is more complicated, see [6] for more details.

2.1.3 Solutions to Standard Model issues

In addition to providing an explanation for the non-zero (but extremely
small) neutrino mass, HNL theories can also provide answers to two other funda-
mental questions, namely the Baryonic Asymmetry of the Universe, and Dark Mat-

ter. We give a small description of both in the next paragraph.

Our universe appears to be largely dominated by matter, rather than anti-
matter . However, the SM hardly favors matter over anti-matter, as the few times
where it is the case is through very rare processes allowing for CP violations, which
are not enough to explain the abundance of matter over anti-matter, also referred
to as the Baryonic Asymetry of the Universe (BAU). Leptogenesis describes the asy-

metry of leptons and anti-leptons in the early universe, and proposes an interesting

1. Or vice versa, as we could call matter anti-matter and we would live in a Universe domi-
nated by the latter.
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solution to the BAU, by linking it to the origin of light neutrino masses [4]. In this
scenario, the same HNLs responsible for the light neutrino masses can produce the
matter-anti-matter asymmetry via their CP violating decays in the early Universe
[26]. The most popular scenario is based on the Type I Seesaw described in section
[2.1.1], where the SM is simply extended by at least two HNLS. It is now unders-
tood that HNL masses in the dozens of GeVs have the ability to generate leptoge-
nesis, making FCC-ee an excellent laboratory to study their properties and test their

connection to the BAU.

Dark Matter (DM) is also a very notorious open question both in particle
physics and cosmology. According to various independent cosmological measure-
ments [18], only 5% of the universe consists of baryonic matter (i.e. matter as we
know it), while there would be about 27% of DM and 68% of dark energy. From the
particle physics point of view, a dark matter candidate would be a very weakly in-
teracting particle that does not interact with photons, such that it does not emit or
absorb any light. It turns out that HNLs with sufficiently small masses and couplings
could constitute a viable (warm) DM candidate [23]. Depending on the HNL model
such as YMSM [36], or models where HNLs have additional gauge interactions [34],
in which HNLs are viable> DM candidates, FCC-ee could provide an efficient envi-

ronment for direct discovery or for probing the sector around their production.

2. Viable meaning candidates which successfully reproduce physical observations.

10
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Figure 3 Artistic map showing the proposed FCC location and relative size compa-
red to the LHC, close to the French-Swiss frontier. (Image :CERN)

2.2 The FCCee

The Future Circular Collider (FCC) program is a design study for a future
particle accelerator at the CERN, succeedding to the Large Hadron Collider (LHC)
as the largest particle accelerator in the world, with a circumference of about 100km
built around the CERN area, as can be seen from figure [3]. The FCC is currently
proposed as a two-stages project, with a first lepton collider phase (FCC-ee) with a
focus on precision measurements of electroweak parameters in the SM, including
Higgs properties [13]. It will be followed by a subsequent higher-energy hadron col-
lider (FCC-hh) with a center of mass energy of 100TeV, aiming for direct discoveries
of new phenomena. It is anticipated that most of the infrastructure of FCC-ee could
be reused by FCC-hh, similarly to how the LHC inherited a part of the Large Electron

Positron (LEP) infrastructure back in the day.

11
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The FCC-ee will be a very high luminosity electron-positron collider, which
purpose is to study with high precision the Z, W, Higgs and top particles. It will
therefore cover a wide energy range of 90 - 365 GeV, going through different stages
starting from the Z-pole, over to the WW threshold and Higgs production peak, up
to the top-pair threshold. It is estimated that FCC-ee will produce samples of 5 - 10*2
Z-bosons, 10* W pairs, 10° Higgs bosons and 10° top quarks pairs [3]. One signifi-
cant advantage of electron-positron colliders is the elementary nature of the collided
particles. Contrary to hadronic events (e.g from a proton-proton collision), leptonic
and semi-leptonic events are much easier to study, as these benefit from low pile-up
collisions and the absence of any underlying event, with one major advantage being
that the energy and momentum of the initial and final states are known.

There are several advantages to the FCC-ee being a circular collider, rather
than a linear collider, like the Compact Linear Collider (CLIC). The main advan-
tage of a circular collider is the luminosity gained by the presence of two interaction
points. Figure [4] shows a comparison between several proposed colliders (both li-
near and circular) and FCC-ee [13]. Another advantage of circular colliders is the
possibility to use the transverse polarisation of the stored beams for beam energy ca-
libration, allowing the centre-of-mass energy to be determined with high precision.

Therefore, the design of FCC-ee as a circular collider appears to efficiently
tulfill its physics requirements of being a high luminosity, high precision laboratory
for testing the SM.

On the other hand, one should note that a major pitfall of circular electron-

12
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Figure 4 : FCC-ee baseline luminosities summed over all interaction points as a
function of the centre-of-mass energy (1/s), compared to other e+e- collider proposals
(ILC, CLIC, and CEPC).

positron colliders is the upper threshold on the beam energy around 200 GeV, due to
synchrotron radiation. Indeed, all charged particles lose energy when their trajectory
is deflected by a magnetic field, and the energy loss is proportional to 7*>. As elec-
trons are the lightest particles in the SM (neutrinos excluded), their v factor is very
large, resulting in a high synchrotron radiation. However, it is still possible to attain
a high center of mass energy in e*e™ collisions using a linear collider. Therefore, high
precision measurements can be attained with circular colliders such as the FCC-ee,

and high centre of mass energy can be obtained with linear lepton colliders.

3. v is the Lorentz factor

13
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2.2.1 The International Detector for Electron-positron Accelerators

Two complementary detector designs, the CLIC-Like Detector (CLD) and
the International Detector for Electron-positron Accelerators (IDEA) are being stu-
died for the FCC-ee. As its name suggests, the CLD uses a similar detector design as
the CLIC at the CERN, while the IDEA is a new concept, developped specifically for
the FCC-ee. As this thesis uses the IDEA for the simulating the detector response,

we will now give a short description of it.

=
o Preshower
=
=
=
.20
3} DCH Rout = 200 ¢cm
=
g
5 DCH Rin = 35
b m = cm
=1
CalRin = 250 cm
Cal Rout = 450 cm
Yoke 100 cm

Magnet z = + 300 cm

Figure 5 Schematic layout of the IDEA detector [3].

The structure of the detector is outlined in figure [5]. The detector is compo-
sed of a silicon pixel vertex detector (VTX) in the innermost layer. It is surrounded
by a large-volume short-drift wire chamber (DCH) characterised by a high transpa-
rency in terms of radiation lengths, and is designed to provide good tracking, high-

precision momentum measurement and excellent particle identification by cluster

14
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counting *[27]. The electric field in the DCH is generated by a thin, low-mass super-
conducting solenoid coil, used to bend the charged particles in order to measure their
momenta. The DCH is surrounded on the outside by a layer of silicon micro-strip
detectors, which allows to increase momentum resolution and extend the tracking
coverage in the forward /backward region.

The outter region of the detector is then composed of a pre-shower detec-
tor, a dual-readout calorimeter and muon chambers within the magnet return yoke.
The pre-shower detector is intended to enhance the performance of the calorimeter
in accurately distinguishing photons from electrons. The dual-readout calorimeter,
which aim is to measure the energy of the particles coming through, is sensitive to

the independent signals from scintillation and cherenkov light [3].

2.2.2 FCCee reach on HNLs

The FCC-ee shows a great sensitivity to study HNLs in the kinematically
accessible regime [25]. Figure [6] shows an estimation of different discovery regions
for several proposed detectors and setups, depending on the electron-mixing angle

O [4] and mass of the HNL m .

4. Cluster counting is when particles originating from the same decay are clustered together
to reconstruct the complete decay process.

15
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Figure 6 90% CL exclusion limits for a Heavy Neutral Lepton mixed with the elec-
tron neutrino, as presented in the European Strategy for Particle Physics Briefing
Book [25]. The FCC-ee curves are in (overlined) dark purple. The curve below the
Z boson mass corresponds to the combined LLP and prompt analysis performed
with 10'? in Ref. [9]. The horizontal limit at high masses results from the effect of
light-heavy neutrino mixing on the EW precision observables.

As mentionned before, this thesis assumes a simple phenomenological mo-
del (1), with My = 1, i.e., only one HNL that is either a Dirac or Majorana fermion.
It is therefore useful to take a look at the expected number of events, given the tar-
get luminosity of the FCC-ee at the Z-pole of 150ab~". Table [1] shows the expected
number of events per cross-section® for an HNL with a mass my = 50 GeV in the
channels shown in figure [1], for several choices of mixing angle |V, x|. Looking at
the expected number of events at the FCC-ee, it is clear that it provides a solid envi-

ronment to the search for Heavy Neutral Leptons for a large parameter space.

5. The cross-sections here are computed by MadGraph using the computational setup des-
cribed in section 3.

16
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Mixing angle | Cross-section | Expected events

[Ven|? o [pb] at150 ab™!
1074 2.26 x 1071 33,900, 000
10-° 2.26 x 1072 3,390,000
107° 2.26 x 107° 339, 000
1077 2.26 x 1074 33,900
107° 2.26 x 107 3390

1077 2.26 x 107° 339

101 2.26 x 1077 33.9

TABLE1 Cross-section and expected number of events for 150 ab™'. The results are
shown for a Dirac HNL of mass 50GeV, and several mixing angles |V, x|.

3 Simulation setup

This section presents the specific tools and methods which have been used in
order to simulate and analyse the signals and backgrounds samples for this analysis.
It starts with an overview of the software setup, followed by a description of the
jet algorithm used in this analysis, and ends with the definition of the signal and

background samples.

3.1 Software setup

There are several steps to follow in order to simulate and run the analysis
over the signal and background events. First, the events are generated by a Monte-
Carlo generator where the specifics of the processes to be simulated are specified.
Then, hadronization, parton shower simulation and detector response are imple-
mented, producing the final nTuples. These nTuples are then to be analysed within

the FCC-framework. An overview of these specific steps is shown in figure [7].

17
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Monte Carlo
MadGraph HeavylN models

s

Detector Simulation +
Hadronization

DELPHES + PYTHIAS

@

Analysis
FCCSW Framework

Figure 7 A simplified diagram of the simulation setup.

Events are first simulated using MadGraph5_aMC@NLO v.2.6.7 [39][8],
which produces Monte Carlo generated events according to the specified processes,
particle properties (mass, coupling, etc..) and the corresponding model to consider
(SM, SuSy, etc..). For the HNL events, the HeavyN Universal FeynRules Object (UFO)
models are used, in particular, we use the SM_HeavyN_Dirac_CKM_Masses[35]
and SM_HeavyN_CKM_AllMasses [22] [/] models respectively for Dirac and Ma-
jorana HNLs events generation. These models implement an extension of the SM
with the addition of the Lagrangian described in [1] and allow us to simulate both
LNC and LNV processes for Dirac and Majorana HNLs respectively. The properties
of the HNL (mass and coupling), specific processes , as well as simulation properties

(number of events, beam energy, etc..) are specified in a process card (also referred to

18
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as proc. card). An example of proc. cards for Dirac HNLs events generation is given
in Appendix A. The output from MadGraph is a Les Houches Event (LHE) file that
contains the relevant information concerning the processes and parameters used in

the simulation.

The next step is to simulate the response from the detector as well as the sho-
wer and hadronisation processes. Both these steps are implemented together, using
PYTHIA [35] and DELPHES [21]. Both DELPHES and PYTHIA use proc. cards to
define the specifics of the simulations — examples of each can easily be found on-
line. PYTHIA is used to simulate several physics processes such as the generation of
hard scattering processes, parton showers, hadronization and the decay of unstable
particles. DELPHES is designed to simulate the response of the IDEA detector des-
cribed in section 2.2.1, through another proc. card containing the specific settings for
the response of the detector. It takes into account effects like energy resolution, par-
ticle identification and event reconstruction. The final output isan EDM4HEP format
tile [40] which contains all the relevant information about the particles produced, in-
cluding their momenta, energies, charges and particle identification. Even jets can
be built be defining these in the proc. cards. In this analysis, the jets were built at
the next step : the analysis level. The EDM4HEP format files are then analysed using
the FCC analysis framework, which is based on RDataFrames [29], where C++ code
is compiled in a ROOT [15] dictionnary. These are then called using custom Python

scripts.

19
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3.2 Jet algorithm

As mentionned before, the jets can generally be computed and reconstructed
by PYTHIA, by specifically defining the object in the PYTHIA process card. Howe-
ver, it is also possible to build the jets at the analysis level, directly from the particles
objects in the EDMHERP file, allowing for more control and flexibility. In this thesis,
the latter option was explored using the FastJet [16] external package. The jets were
built at the analysis level, using an updated version of the Durham jet algorithm [17]

of which we will now give a short description.

The goal of a jet algorithm is to cluster particles that are "close" together into
a single object, corresponding to a particle jet. However, the notions of "closeness"
and "distance" can be defined in different ways. In the case of the DURHAM algo-
rithm, the distance measure is defined as the ratio of the squared invariant mass of
the pair of particles to the total squared invariant mass of the event. This distance is
then computed between every pair of particles, and the particles with the smallest
distances are merged together into a jet. Then, the distances are updated between the
merged jet and all the other particles. The merging procedure is then repeated until
a stopping criterion is met. In our case, since the process we are interested in consists
in its final state of one electron (positron) and two jets, the algorithm is setup to build

exactly two jets in every event.
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One important distinction, which is the reason for running this algorithm
at the analysis level is that we explicitely removed the electrons (positrons) from
the particle collection to be considered when building the jets with the DURHAM
algorithm. In that way, the — reconstructed — electron (positron) is never part of
the jet. Therefore the output jets from the algorithm are more likely to correspond to

the same jets as the ones from the process of interest defined in [13].

3.3 Signal samples

To study Dirac and Majorana HNLs, the processes

Dirac HNL: efe” — Z — N7, (Nv.), with N(N)—=e (e*)jj (13)

Majorana HNL: e'e” — Z — N, (Nv,), with N — e (e")jj (14)

are simulated using the software described in section 3.1. The corresponding Feyn-
man diagrams are shown in figure [1] for the Dirac case, which only permits LNC
channels. For the Majorana case, both LNC [1] and LNV [2] channels are permitted.
For the sensitivity study, the results consider Dirac HNLs only. Note that in prin-
ciple, the HNL can also be produced via the Higgs boson, such that the Z could be
replaced by a Higgs in equations [13] and [14]. However, as the Higgs boson is much
heavier than the Z boson, the Higgs processes are suppressed and we can safely ne-
glect its contribution.

For the sensitivity study, signals are generated with 100000 total number of raw
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events, with masses of my = 10 — 80 GeV in steps of 10 GeV, and electron mixing
angles of |V x> =107* — 1071,

The Dirac vs. Majorana discrimination study focuses on HNL masses of my = 20, 50
and 70 GeV, with mixing angle |V.y|* = 107° and uses samples of N = 100000 events

both for Dirac and Majorana HNLs.

3.4 Background samples

In general, any SM process that can mimic the signal signature, either through
a similar final state (irreducible background) or because of mislabeling/misrecons-
truction of the particles, is considered as background. For the sensitivity study, seve-
ral backgrounds are considered. The background corresponding to the production
of a Z boson decaying into two b-quarks, two c-quarks, as well as the 4-body decay
producing the same final state as the signal, are considered in this analysis. Examples
of Feynman diagrams for the Z to bb and the 4-body are shown in figure [8]. Note
that these are just examples, as many other diagrams can lead e.g. to the evqq final

state.
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(a) 4-body (b) Z — bb

Figure 8 Feynman diagrams of two of the background processes.

The 4-body background was produced using the same procedure described
in section 3.1 with the process card given in Appendix B. The other background
samples were generated in the Winter 2023 production campaign [1], with a similar
setup as described before. Table [2] gives a summary of the background events, with

their respective total number of raw events produced.

Process Z—bb Z—cc 4-body
Number of 438 x 105 499 x 10° 10°
events

TABLE 2 Summary table of the total number of background events.

By taking a look at the Feynman diagrams from figure [8], we can see that
the backgrounds can mimic the final state of our signal described in equation [13]
through rather "rare" decays (electrons are found in b-jets about 5% of the time
(NEED REF)). So one could conclude that selecting only events with high energy

electrons would almost completely remove the background. However, one must
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consider the cross-section differences between signal and background. From table
[1], we can see that the typical cross-section for the signal lies in the range 10~! —
10~ %pb, while the cross-section for Z—bb is about 10° pb, therefore compensating
for the rarity of the background process. This means that additionnal selections must
be applied to improve the signal significance over the background. These selections

are described in section 4.1.4.

4 Analysis

This analysis is separated into two subsections. The first is based on a sen-
sitivity study at the FCC-ee of the semi-leptonic Dirac HNL signal with respect to
the backgrounds presented in section 3.4. The second part of the analysis investi-
gates our capacity to distinguish Dirac from Majorana HNLs at the FCC-ee in the
semi-leptonic channels, if these were to be discovered. In both of these analyses, the
signals include only one HNL mixing exclusively with electron neutrinos. A more

complete analysis could include several HNLs mixing with different lepton families.

4.1 Sensitivity analysis

The purpose of this analysis is to determine if one could extract enough si-
gnal significance out of the background. The parameters of this analysis were tuned
for HNL masses of 20, 50 and 70 GeV, with a mixing angle of |V.y|?> = 107° and was

then extended to masses in the range 10-80 GeV, with a mixing angle in the range
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|Ven]? = 107* — 10719, It starts with a description of the samples normalization, fol-
lowed with the definition of significance which allows us to select discriminating
variables to apply efficient selection cuts, presented in section 4.1.4. Finally, results
are shown in the form of a contour plot, defining a range of mass/coupling pairs for

which satisfying significance was attained.

4.1.1 Sample normalization

At every step of the event selection, the number of events are normalized
in order to replicate the expected integrated luminosity in the Z pole run at the
FCC-ee. The current estimatation is that the Z pole run will have a luminosity of
Ly = 150ab~'. Hence, the number of events is normalized using the total num-
ber of generated events NV, the process cross-section ¢ and the number of events
remaining within a given selection n,;, according to equation [15] :

g - Lint
Ntot

Nsel (15)

n =

The aim of sample normalization is to be able to replicate the FCC-ee conditions as
accurately as possible. However, considering the gigantic luminosity of the FCC-ee
(150 ab~" is 50 times larger than the target integrated luminosity of the High Lu-
minosity LHC phase), this can cause issues with respect to the uncertainties after
each selection. Indeed, we are working with about 10® simulated background events,

which is 2000 times smaller than what is predicted for the FCC-ee (ideally, the simu-
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lation statistics should be at least of the same order of magnitude as real data). For
this reason, most of the analysis is performed with a target luminosity of 10 fb~*, and

we only scale to the full integrated luminosity of 150 ab™" in the final result.

4.1.2 Significance

In particle physics, the concept of significance refers to the statistical mea-
sure used to determine the credibility of experimental resulst. It quantifies the likeli-
hood that the observed data deviates from the expected background, indicating the

presence of a genuine signal or new phenomenon.

Significance is typically expressed in terms of standard deviations, known
as sigma (o), where a higher sigma corresponds to a lower probability of obtaining
the observed result by chance alone, thereby increasing confidence in the validity
of the results. There are multiple ways of calculating the significance depending on
the hypothesis [2]. While a significance of 5¢ is typically considered to be the thre-
shold for claiming a discovery, a significance of 20 is often used as an indication of
interesting or potentially intriguing results and can help identify promising trends
or features in the data which could be overlooked by a 50 threshold. In this analysis,
the significance of observing n events given a prediction of b + o events is computed

according to the recommended formula in [?] :

o T [ I TR
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Where o is the uncertainty on the background, taken to be 10% throughout this ana-
lysis. In particular, we will compute the cumulated significance for the histogram
bins of several variables in order to identify the selections that preserve the most
significance of signal versus background. One careful thing to consider when com-
puting the cumulative significance is whether the events to preserve are to the left
or to the right of the cut. We give a quick example to illustrate this : consider the two

distributions given in figure [9].

g;; ; selMissingEGt12_EleEGt25 20 GeV %‘ ; sélMissingEGti2_EleEGt25 — 20 GeV
= [ L =10000.0pb*4 — 50 GeV b= [ L =10000.0pbx1 —— 50 GeV
2 e f5=91GeY — 70 Gev B L s=91Gev — 70Gev
g E g E

= C 4-body = C 4-body
g 10 Zec E 10 = Zo

3 E Zbb 2 E Zbb
g2 f g n

U‘“’ ik \HIIII‘ 1 \IHIII‘ 1 \IHIII‘ 1 \IHHI‘ 1 \IHHI*

=)

u\“’ ik \HIIII‘ 1 \IHIII‘ 1 \IHIII‘ 1 \IHHI‘ 1 \IHI\ﬁ

=)

L L L L L L L L L L L L T
5 10 18 20 25 30 35 40 45 50 25 30 35 40 45 50

RecoElectronTrack_absD0sig RecoElectronTrack_absDO0sig
(a) Significance from left to right (b) Significance from right to left

Figure 9 Comparison of significance distribution depending on the direction of the
computation.

These show the oy, distributions for the signal and background samples,
with the significance computed from left to right (a) and right to left (b). If one wishes
to focus on the 20 GeV signal, it seems natural to apply a cut at o4, > 5 in order to

remove most of the background around 0. In that case, computing the cumulated

27



Dimitri Moulin FCCee Section de Physique - UNIGE

significance from left to right means that at each histogram bin, we compute how
much significance remains if we were to select the data above some threshold. In the
other case, if one wants to focus on the 50, 70 GeV signals (pink and dark purple), one
would want to select only the events below a given threshold, say o4, < 5. Then, the
cumulated significance should be computed from right to left for the similar reasons

as explained above.

4.1.3 Discriminating variables

In order to determine the appropriate selections to apply to enhance signal
sensitivity, we have selected several variables with potential to show a good discri-

mination between the signal and the background presented in section 3.4.

The neutrino from the Z-boson decay in the signal final state, as well as po-
tential subsequent neutrinos in the jets result in missing energy when these fail to
be reconstructed by the detector — which happens almost all the time due to their
feebly interacting nature. As the FCC-ee is a lepton collider, the total missing energy
in the x,y and z directions can be studied. Since at least one neutrino originates from
a 2-body decay where the HNL mass is fixed (by construction), our signal will typi-
cally contain a high missing energy compared to backgrounds such as Z to bb/cc.
Figure [10] shows the distribution of the missing energy for three HNLs signals of
masses 20, 50 and 70 GeV, with the previously introduced backgrounds and no event

selection. From the distributions, one can tell that the signal for 20 GeV HNLs has

28



Dimitri Moulin FCCee Section de Physique - UNIGE

gelMone
L =10000.0 pb*~1
s =91 GeV

log Normalised entries

%)LR
oo o

FAGH

< HI|II\|III‘HIlIHlIII‘HIlIHlII <

L . i . \
25 30 35 40 45 50
RecoMissingEnergy_e

2
=]
aF
n
2

Figure 10 Reconstructed missing energy for three HNLs signals (upper legend) and
three backgrounds (lower legend). No event selection applied. The lower part of the
plot shows the significance computed according to equation [16].

the most significance for missing energy (p) > 40 GeV, however this would remove
most of the high HNL mass signal too. In order to preserve as much signal as pos-

sible, while removing the most background, p > 12GeV is picked as a first selection.

Keeping the same idea of high energy particles produced in decays, the lep-
ton (et /e”) produced in the HNL decay along with two jets will typically have a high
energy too, while the leptons produced in jets will typically have low energies. Fi-
gure [11] shows the energy distribution of the leading energy electron in each event
for signals and backgrounds. From the distributions, it is clear that picking events
with high leading electron energy will be a powerful selection to remove background

while preserving most of the signal. In this analysis, different selections have been
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Figure 11 Leading electron energy for three HNLs signals (upper legend) and three
backgrounds (lower legend). No event selection applied. The lower part of the plot
shows the significance computed according to equation [16].

applied on the electron energy, namely E.- > 25,30, and 35 GeV in order to in-
vestigate the balance between preserving more signal events with more permissive

selections and removing most background with more aggresive ones.

Next, we take a look at different angular distributions which will also prove
to be powerful discriminating variables. The angular separation between the two
jets can also be a strong discriminating variable, as the Zbb and Zcc backgrounds
will produce a good amount of back-to-back jets. On the other hand, signal jets from
the decaying HNL will generally not be produced back-to-back because of the W-

boson being off-shell. Figure [12] shows the angular distributions computed in two
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different ways. Figure [12a] shows the angular distance in the detector frame, defi-

ned as

AR = \/Ag? + A2 (17)

where A¢ is the distance in the azimutal plane around the beam axis, and A is the
difference in pseudorapidity, which is equivalent to a Lorentz-invariant angle in the
orbital plane. In figure [12b] instead, the three-dimensional angle ¥ between the jets

is computed according to

U = cos ™! (M) (18)
[71l[72]

Where j; are defined as the jets 4-vectors.
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(a) AR between the two jets, as defined (b) 3D angle between the two jets, as defined
in equation [17]. in equation [18].

Figure 12 Distributions of angular difference between the two jets for signal and
background samples.
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These two variables are highly correlated — as they almost correspond to
the same angle — , so we will only pick the one with the most discriminating power.
In this case, in order to remove back-to-back jets corresponding to the backgrounds,

we pick the 3D angle ¥ < 2.4.

In addition, the AR between the di-jet four-vector and the lepton, as well as
the AR between the leading/second leading jet (in energy) and the lepton are consi-
dered. These distributions are shown in figure [13]. The significance distributions are
hard to interpret because of the presence of divergences in the significance formula
given in equation [16], when very large backgrounds are present. Therefore, we will
need to apply some selections before going back to these angular distributions, such
that the amount of background is lowered and the divergences start to disapear, this

process is described in section 4.1.4.

The last angular variable to consider is the angle between the leading elec-
tron and the missing momentum, shown in figure [14]. Indeed, since the leading
electron and the neutrino in the signal are both produced from subsequent decays,
while the ones present in the background are more random (as they appear via gluon
radiation mostly), the angle between the two could be a good discrimination va-
riable. From the distribution, it is clear that selecting events with © < —0.5 would

constitute a good discrimination variable.
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the formula given in equation [16], when very large backgrounds are involved.
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Figure 14 © angle between leading electron and missing momentum. No selection
is applied.

The final variable to consider is the electron transverse impact parameter dy.
This variable represents the shortest distance in the transverse plane between the
trajectory of a particle track and the reconstructed primary vertex (ref d0). Conse-
quently, long-lived particles will typically have larger d, values than short-lived par-
ticles. A standard way of measuring dy is through its significance o,,, defined as the
impact parameter divided by its estimated error (ref d0). This analysis typically fo-
cuses on prompt (i.e short-lived) HNLs. However, when the mass approaches lower
values (= 20 GeV), the lifetime increases, which has a direct impact on oy,. Figure
[15] shows the distribution of the electron impact parameter for signal and back-
ground. From the distribution, we can see a clear difference between low and high

HNL masses. Consequently, one could split the sensitivity analysis into long/short
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Figure 15 oy, distribution for the electron tracks. No selection is applied.

lived studies, by picking e.g o4, > 5 for long lived HNLs.

4.1.4 Event selection

Now that the variables with good discrimination power have been identi-
tied, we need to check how the distributions evolve after each subsequent selection.
Indeed, these variables could — probably — be correlated, and not maintain their
discrimination power after each selection. In the following, only the variables which
are chosen for selection are displayed, the other variables are displayed in the Ap-

pendix C for each subsequent selection.

As a first selection, missing energy (10) p > 12 GeV is required. Figure [16]

shows the leading electron energy after this selection. From the energy distribution
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Figure 16 Leading electron energy after p > 12 GeV is applied

in figure [16], the next selection that we require is £.- > 35 GeV. The distributions

for the three-dimensional angle ¥ and the AR between the two jets after this selec-

tion are displayed in figure [17]. One variable worth mentionning at this point is

the angle © between leading electron and missing momentum. From its distribution

shown in figure [18], we can see that the discrimination power present in figure [14]

is now gone, as it probably came from lower energy electrons.

Nevertheless, in order to remove as much background as possible, we next

require the ¥ < 2.4 as the following selection. As mentionned in section 4.2.2, ¥ and

AR are closely related. Thus, only one selection will be applied. Finally, figure [19]

shows the distribution of AR between the leading electron and the di-jet system,
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Figure 17 Distributions of angular difference between the two jets with selection
F >12& E.- > 35[GeV].
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Figure 18 O angle between leading electron and missing momentum after £, > 35
is applied.
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Figure 19 AR between electron and di-jet after selections F>12&E.- >35&3D
angle < 2.4 are applied

with the Z to bb/cc background concentrated at high values. Consequently, the last
selection consists of picking AR < 3. A summary of the various event selection is
given in table [3]. Table [4] shows the remaining number of generated events after

each selection.

Variable Selection
Missing Energy F > 12 GeV
Electron Energy E.- > 35GeV
3D Di-jet Angle v <24

Di-jet - Electron AR AR < 3

TABLE3 Summary table of the event selections.
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Selection 20GeV  50GeV  70GeV  4-body Z—+cc Z—bb
No selection 10° 10° 10° 10° 49 x10% 4.4 x 108
F> 12 99x 10" 9.9x10" 99 x 107 78x 10" 33 x107 56 x 107
F>12&E.- >35 8079 8090 8541 5206 101 817
F>12& E.- >35 7780 7290 8333 4853 60 46
&V <24
F>12& E.- >35 7478 5035 3017 3184 2 1

&V <24& AR <3

TABLE 4 Summary table of the raw number of events after each subsequent selec-
tion.

From table [4], the selection on leading electron energy is highly effective for
the hadronic Z decays. Furthemore, after the final selection on the AR between the
di-jet and the electron, almost all of the background from Z to quarks is removed
(within statistical uncertainties), and the remaining background is due to the irredu-
cible 4-body background. As stated before, at this point one could split the analysis
into short/long lived HNLs by applying further selections on the HNL lifetime or

on the oy, for an increased discrimination.

4.1.5 Results

A standard way of identifying new phenomena in particle physics is through
what is referred to as "bump searches". It refers to the process of analyzing experi-
mental data to look for an excess of events, or an unexpected peak or shift in the
distribution of certain observable quantities. In this analysis, we focus on the HNL
invariant mass as an observal quantity, defined in equation 19. The invariant mass

of the signal can be reconstructed as the invariant mass of the di-jet and leading
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m= /EQ—pr (19)

Figure [20] shows the invariant mass distribution for the three signals and back-

electron four-vector.

grounds, along with the computed significance Z compared to the simplified signi-
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Figure 20 Invariant mass distributions for HNL masses of 20, 50 and 70GeV and
coupling Voy = 1073, L = 10fb~!, with the backgrounds defined in section 3.4. Two

significances are computed in the region around the mass peak, with Z defined as in
equation [16]. Full event selection as defined in table [3] is applied.

As mentionned earlier, the event selection has been performed for masses of
20, 50 and 70 GeV, and a mixing angle of V. = 1073, with the purpose of enhancing

signal significance by removing efficiently the background events while preserving
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the signal as much as possible across HNL mass range. This selection can then be
extended to a larger range of masses and couplings in order to obtain a contour
plot, showing the exclusion power of this analysis. Figure [21] shows the significance
computed for mass ranges of 10-80 GeV and couplings of |V, y|? = 10~* — 10, for
an integrated luminosity of 10 fb~" and the target of the FCC-ee luminosity of 150

ab~!, with the red line delimiting the Z = 2 threshold.
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Z-significance (L = 10 fh-1)
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Figure 21 Contour plots for various HNL masses and couplings. The red dashed
line delimits the Z=2 threshold, with Z being the significance as computed in 16.
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From the contour plot, we can see that the Z=2 threshold is attained for cou-
plings below |V.y|*> = 107" for masses below 60 GeV. Higher masses have lower
exclusion power, as the discrimination is less efficient when the HNL mass gets clo-

ser to the Z boson mass.

41.6 Outlook

There can be several suggestions for a more complete continuation of this
work. First and foremost, an extension of the background samples is necessary in
order to reduce the uncertainties on the significance scaling, as well as the consi-
deration of other background processes such as Z to light quarks, and Z to e*e.
This would also allow for more precise event selections to be applied, as once the
background statistics is too low (see figure [19]), it becomes almost impossible to in-

dentify any type of trend or behaviour to pick a selection.

A more complete analysis would also include a thorough consideration of
both statistical and systematic uncertainties. Eventually, as stated before, a study se-
parating short from long-lived HNLs based on the lifetime, d; impact parameter or
even using timing information would without a doubt provide interesting results.
Finally, the incorporation of more sophisticated tools to separate signal from back-
ground, such as Boosted Decision Trees (BDT) or the introduction of Deep Neural
Networks could provide a powerful additional discriminant to enhance signal signi-

ficance.
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4.2 Dirac vs. Majorana discrimination

A logical way of pursuing this sensitivity study for the FCC-ee is the follo-
wing : suppose that we have now dicovered HNLs (the ones corresponding to our
benchmark model), are we able to tell if these are Dirac or Majorana particles ? Deter-
mining this is equivalent to observing processes involving HNLs which show LNV
properties. However, the direct way of observing LNV processes is through the de-
tection of neutrinos (i.e. the detection of all the leptons in the event), which is not a
possibility at the FCC-ee. Therefore one should use other metrics, such as asymetries

and angular distributions where the LNV nature of the processes can be identified.

Similarly to the sensitivity analyisis, the potential to distinguish the Dirac or
Majorana nature of HNLs is explored in the semi-leptonic decay channels. A fully-
leptonic analysis for the same masses (20, 50, 70 GeV) and coupling (|V.x| = 1073)
already exists [37] and is the one which paved the way for this analysis. This part of
the analysis is then the logical continuation of the fully-leptonic study, as the semi-

leptonic decays of HNLs have about twice as large a branching ratio.
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4.2.1 Explored variables

The samples for this analysis were produced according to what is described
in sections 3.1 and 3.3. All distributions are shown at reconstructed level, i.e. after

the detector’s response has been simulated.

The kinematical variables distributions, namely py, 7, ¢, # and E of the lea-
ding energy electrons and positrons (assumed to be the one from the HNL decay)
are displayed in figure [22]. Next, kinematics of jet-related variables have been ex-
plored. Leading and second-leading jet kinematical variables are shown in figure
[23]. Figure [24] shows the kinematics of the Di-Jet system formed of the two leading
jets four-vectors, and figure [25] shows the differences between the two leading jets.
Finally, the angular difference in 6 between the reconstructed HNL, and the leading
electron (positron), where the HNL is defined as two leading jets and an electron
(positron), is shown in figure [26]. This variable is particularly interesting as it could
capture a significant difference between Dirac and Majorana HNLs by indirectly
measuring a forward-backward asymmetry due to the presence of parity violation

in Dirac HNL decays, see [14] for more details.
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matical variables for Dirac (blue) and Majorana (pink) HNLs with my = 50 GeV,
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4.2.2 Discriminating variables

Most of the variables presented in the last section show some discrimina-
tion power between Dirac and Majorana, however these can be very small and will
therefore be sensitive to the amount of statistics available. For HNL masses of 50
GeV, table [1] shows that for a coupling of V. = 1072 about 10° events are expected,
which coincides with the statistics in this analysis. However, as the mixing (mass)
decreases (increases) fewer events are to be expected. Thus, it would be useful for a
future study to estimate the expected number of events for pairs of mass/coupling
which are able to generate neutrino masses in the eV scale. For this analysis, it is suf-
ficient to keep in mind that the discrimination power is dependent on the amount

of statistics available at the FCC-ee. Consequently, a summary of the variables sho-
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wing the highest discrimination power between Dirac and Majorana is shown in

figure [27] for HNL masses of my = 20, 50 and 70 GeV with coupling V.5 = 107%.
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Figure 27 Distributions of the best discriminating variables for Dirac (blue) vs. Ma-
jorana (pink) HNLs with mass my = 20,50 and 70 GeV and coupling |V.x| = 1073.
The lower part of each plot shows the ratio between Dirac and Majorana.
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From the distributions in the summary figure, it appears that the energy dis-
tribution of the electron (positron) and the jets do provide a good discrimination
between Dirac and Majorana. The best discriminating variable from this study is the
¢ angle between the reconstructed HNL and the electron (positron), where the dif-
ferences between the Majorana channel (LNC + LNV) and the Dirac channel (LNC)
can reach O(35%). It also appears that the discrimination between Dirac and Majo-
rana tends to decrease as the HNL mass increases, for a fixed coupling of V.y = 1072.
At this point, the reason why this behaviour is ocurring is not well understood, and

this is left as an open question for future studies.

One final variable worth looking at is the HNL decay length, as it is expec-
ted that a factor of two separates Dirac from Majorana HNLs due to LNV processes
being allowed in the latter case. Figure [28] shows the normalized distribution of
decay length of Dirac and Majorana HNLs at the generator level. A direct measure-
ment of the decay length (or of the lifetime) of the HNL can be used together with
the total cross-section to distinguish between the Dirac or Majorana nature of the

HNL, provided that the HNL mass is known [24].
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Figure 28 Decay length for Dirac (blue) and Majorana (pink) HNLs of mass my =
50 GeV and coupling |V, x| = 1072 at generator level.

4.2.3 Outlook

This study is one of the first to look for potential experimental differences
between Dirac and Majorana HNLs in the semi-leptonic channel at the FCC-ee. Here
are some suggestions in order to improve the work that was done. First, an extension
of this study towards different couplings would allow a better understanding of the
range of mass/coupling where the FCC-ee has the potential for distinguishing the
Dirac from the Majorana nature of HNLs. Second, testing different variations for
the jets algorithms, as well as assessing the smearing of the detector’s reponse in
the FCC framework would allow to carry this analysis first at generator level, and
then check how the detector’s response affects the discrimination power. Third, the

implementation of a more sophisticated discriminant using deep neural networks

61



Dimitri Moulin FCCee Section de Physique - UNIGE

would without doubt show some interesting results. Finally and without surprise,
carrying on with this analysis by including more mixing channels and more HNLs
will be paramount in order to fully cover the FCC-ee’s capacity on investigating the

nature of HNLs.
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5 Conclusion

The FCC-ee is expected to produce about 10'* Z-bosons within a four year
period. This very large amount of statistics allows for rare events to be probed, such
as HNLs in the case of this study. The discovery potential of HNLs at the FCC-ee
in the semi-leptonic channel, as well as our capacity to distinguish Dirac from Ma-
jorana HNLs experimentally using the FCC framework were explored in this thesis.
Both of these studies used simulated data based on the Type I Seesaw model for one

single HNL mixing with electron neutrinos only.

The sensitivity study aimed at identifying efficient event selections based
on the signal significance. Event selections were optimized for masses of my = 20,
50 and 70 GeV and coupling V.y = 1073, with the signal and background events
normalized to an integrated luminosity of 10 fb~'. The main results of this analysis
are two contour plots showing the signal significance for HNL masses in the range
my = 10 — 80 GeV and couplings in the range |[V.N|* = 10~* — 101, for integrated
luminosities of 10 fb~" and 150 ab™ ', the latter corresponding to the expected inte-

grated luminosity of the FCC-ee.

The Dirac vs. Majorana analysis was performed in the semi-leptonic channel
for masses of 20, 50 and 70 GeV and coupling V.5 = 1073. Several jet-related kinema-

tic variables were defined at the reconstruced level, in order to look for distinctions
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between Dirac and Majorana HNLs, which amounts to finding variables sensitive
to LNV. As a result, the  angle between the HNL and the prompt lepton, as well
as jet and electron energy distributions have shown strong discrimination power for

masses below 80 GeV.
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Appendix A : MGS5 card for HNL generation

The following code is an example for an MG5 proc. card for generating Dirac
HNLSs processes.
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Appendix B : MGS5 card for 4-body background

The following code is an example for an MG5 proc. card for generating 4-
body backgrounds processes.
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Appendix C : Event selection distributions

The following figures show the distributions of the selected variables after

each subsequent selection.

E > 12 GeV
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Figure 31 Distributions for the discriminating variables described in section 4.1.4,
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