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Abstract

Towards Vertexing Studies of Heavy Neutral Leptons
with the Future Circular Collider at CERN

Rohini Sengupta

Heavy Neutral Leptons (HNLs) are the heavier counterparts of the 
light neutrinos of the Standard Model of particle physics. HNLs 
can simultaneously solve several of the problems the Standard 
Model cannot yet resolve, one example being that they provide a 
candidate for Dark Matter. This thesis work aims to shed light on 
the nature of HNLs and study the displaced signature the particle 
gives rise to at colliders. The collider of interest is the Future 
Circular Collider that will be colliding electrons and positrons 
and the signal studied is the production of an HNL and a light 
neutrino from an intermediate Z boson, produced from the collision 
of an electron and a positron. The event generation was set up 
through MadGraph and PYTHIA and for the detector simulations 
DELPHES was used. Validation of three HNL samples were carried out 
in a standalone framework and in the FCC framework. The samples 
were validated by comparing theoretically calculated lifetimes 
with the lifetimes attained by simulation. Kinematic studies of 
the transverse momentum of the HNL and its decay particles showed 
correlation to the mass of the HNL. Reconstruction of the number 
of tracks created by the HNL decay was possible and the results of 
two track dominance were found to correlate with theory. For the 
vertexing study, the reconstruction of the production vertex of 
the decay particles was possible where displaced vertices were 
observed, hence proving the possibility of implementing displaced 
signatures in the FCC framework for the very first time. The next 
step in this trajectory of the study would be to investigate 
vertex fitting of the reconstructed vertices in order to carry out 
tracking studies of the HNL. This work hence sets the foundation 
for further exploration of HNLs and provides stepping stones for 
the possibility of discovery of HNLs in the FCC-ee.
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Populärvetenskaplig sammanfattning

Tunga Neutrala Leptoner (HNLs, från engelskans Heavy Neutral Leptons) är par-
tiklar som har långa livstider och anses vara tyngre motsvarigheter till neutriner,
som är en av de minsta beståndsdelarna av vårt universum. Det är av stort intresse
att söka efter HNLs då de har möjligheten att lösa några av de största mysterierna
i vårt universum. Upptäckten av dessa HNLs skulle till exempel kunna förklara
hur mörk materia är uppbyggt och dessutom ge en förklaring till varför vårt uni-
versum domineras av materia och inte antimateria.

Detta examensarbete undersökte sådana HNLs för att studera deras natur och
utveckla simuleringsstudier för att spåra HNLs och deras förflyttade sönderfallsver-
tex (vertex är den punkt där partiklar interagerar med varandra) i partikelkollider-
are, mer specifikt i FCC-ee, CERNs Future Circular Collider som kommer att kol-
lidera elektroner med positroner. Undersökningen gjordes genom att validera och
implementera HNL-prover i två olika ramverk. Resultaten från studien framhäver
att proverna är välkonstruerade och implementering visar att rekonstruktion av
HNLs och vertex av HNLs sönderfallspartiklar framkommer förflyttade. Dessa
förflyttade vertex mättes och prover av HNLs med olika massor tydliggör att
partikelmassan påverkar hur långt fördriven partikeln blir. Det viktigaste som
framkommer från studien är dock att implementering av HNL-prover i CERNs
FCC ramverk har möjliggjorts för första gången och att förflyttade vertex därmed
kan mätas.

I framtida studier inom detta område skulle det vara av intresse att undersöka
hur väl rekonstruktioner av spår mellan dessa vertex kan göras och därmed vidare
utveckla spårningsmöjligheter av HNLs. Detta examensarbete utgör en grund för
fortsatt forskning inom ämnet och agerar som en språngbräda till möjligheten att
upptäcka HNLs i framtiden. Detta är början på ett äventyr för att finna svaren
på några av universums stora gåtor.
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1 Introduction

Particle physics has reached an important moment in its history. At CERN,
the European Organization for Nuclear Research and the world’s largest particle
physics laboratory, the Higgs boson was discovered in 2012 in the Large Hadron
Collider (LHC) [1]. The discovery of the Higgs boson finally provided an answer
to the outstanding big question of how some fundamental particles acquire their
mass and thanks to this discovery, one of the many questions in particle physics
has now been answered.

However, despite the Standard Model (SM) of particle physics providing predic-
tions that show strong agreement to experimental findings, it can still not provide
answers to many significant questions in particle physics [2]. For the advancement
of particle physics now, there is no clear indication on the energies where new
physics can be found. Hence, this can be said to be the beginning of a journey in
a new era of particle physics without a map to show the way. Now the time has
come to tackle and unravel some of the biggest mysteries lurking in the depths of
the Universe.

Some of these mysteries that the SM have not yet been able to solve include for
example: dark matter (DM), the baryon1 asymmetry of the Universe (BAU), and
the neutrino masses [2]. One way to advance in the exploration of such new physics
is to study the latest puzzle piece in the SM, the Higgs boson, in new colliders,
and see what secrets can be discovered from it.

To carry out such exploration within unexplored territories, a leap needs to be
taken in relation to detector developments. The European Strategy Group (ESG)
of particle physics has therefore put forth visions and goals for the next generation
particle colliders. In the document published by the ESG in June 2020, Update
of the European Strategy for Particle Physics [3], under the section High-priority
future initiatives, it is stated that an electron-positron collider is the next highest-
priority collider to be pursued with a centre-of-mass energy of at least 100 TeV. The
complete document is publicly available and summarizes the visions for the short-
term and long-term future development within particle physics research [3].

One such collider that meets all the criteria is the Future Circular Collider (FCC)
proposed by CERN. This collider is planned to take over after the LHC era and to
greatly push the energy and intensity frontiers [4]. Using the LHC as a component
of the accelerator chain, the FCC is planned to be a circular collider of about 100
km circumference placed on the border of France and Switzerland. This collider
is planned to be split into two stages. The first stage is the FCC-ee which is an
electron-positron collider and can be said to be a Higgs-factory meaning it will
have the ability to create Higgs bosons on the order of 106 Higgses. The second
step is the FCC-hh, a high energy hadron2 collider [5].

1A baryon is a subatomic particle composed of three quarks where quarks are the fundamental
constituents of matter.

2A hadron is a subatomic composite particle made up of two or more quarks, held together
by the strong force. Hadrons can either be mesons which are usually made up of one quark and
one antiquark or they can be baryons.
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One of the topics that can be explored in depth with the FCC-ee is the search
for heavy neutral leptons (HNLs) which are a type of long-lived particles (LLPs).
LLPs can be described as particles that have a lifetime long enough to create
distinct signatures in a collider [6] such as displaced vertices3. To be able to
detect such particles, dedicated reconstruction methods need to be developed. At
the FCC-ee, HNLs will decay on the order of about one meter into the tracker and
hence dedicated vertexing and tracking will be needed. Such specific vertexing
studies of the HNL spans the subject area of this thesis work. The vertexing
studies include for example simulating the decay of HNLs in the trackers of the
collider in order to find displaced vertices of the HNLs. From such studies more
can be uncovered about the nature of the HNL and displaced signatures, as well
as aid in defining parameters for the detectors to be based on. This will aid in
exploration strategies of the HNL and serve as stepping stones to discover the
HNL [7].

The FCC is currently under study. The tracking studies of HNLs that are specific
to the FCC-ee collider are now focusing on setting detector and tracker benchmarks
and designs which will of course also depend on the path of the HNL through the
tracking system [8]. The objective of this thesis follows the same trajectory and
aims to study vertexing in the context of HNLs in the FCC-ee. By understanding
the displaced signatures of the HNLs in the tracker, this work will aid in the
development of a robust strategy for tracking and HNL explorations as well as the
possibility of discoveries at the FCC-ee. This study involves both Monte-Carlo
event generators and fast detector simulators to generate and analyze events. For
the simulations, the software MadGraph [9], PYTHIA [10] and DELPHES [11]
were used and in regards to the analysis, Python and C++ was utilized.

The rest of the report is designed to firstly bring forward a short review of the the-
ory related to the subject area in Chapter 2. This is followed by the a description
of the simulation setup for the work in Chapter 3. In Chapter 4 the results and the
discussion is presented followed by a conclusion and outlook in Chapter 5.

3A vertex is a point where a quark or lepton interacts with a force carrier. The vertex is
characterized by a coupling constant which indicates the strength of the interaction.
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2 Background & Review of Literature

This chapter includes a short introduction to the collider of interest and then
moves on to describe the main topic of this work, the HNLs and their importance.
Following this the signature of HNLs in the collider is described. Finally the stud-
ied signal is presented in detail along with certain important theoretical concepts
required to understand the physics.

2.1 The e+e− Future Circular Collider
The FCC-ee is a circular collider that will collide electrons and positrons at a
range of the center of mass energy between 88 GeV to 365 GeV. This energy range
is to be built on by the following FCC colliders to reach the aimed 100 TeV [12].
The FCC-ee will reach a luminosity of 4.6×1034 cm−2s−1 which will be the largest
luminosity till date. A comparison of the different proposed electron-positron
colliders can be found in Figure 1 showing the luminosity against the center of
mass energy

√
s.

Figure 1: Comparison of the energy ranges for current and future electron-positron
colliders. Figure reference [13].

This high-luminosity tera-Z regime of the FCC-ee, where 3 × 1012 Z bosons will
be produced, provides a great scope for the study of HNLs because of the produc-
tion mode. Figure 2 presents the discovery prospects of HNLs at many facilities
including the FCC-ee. The figure shows the reach in mass and mixing angle for
the different facilities and as can be seen, the FCC-ee is able to probe mixing
angles smaller than any other facility, giving it an advantage in the search for
HNLs.

3



Figure 2: Discovery prospects of HNLs at collider facilities. Figure reference [14].

2.1.1 Detector concepts for the FCC-ee

Two main detector concepts have been proposed for the FCC-ee. One is the
CLD design which has a conventional design inspired by the detector designs for
the Compact Linear Collider (CLIC) and the International Linear Collider (ILC),
combined and optimized for FCC-ee conditions. The other proposal is a new
detector concept named IDEA (Innovative Detector for Electron-positron Accel-
erator) which is an innovative general-purpose detector concept [15]. IDEA has
been designed specifically to meet the requirements of the FCC-ee and utilize the
incredible statistical precision of the planned collider [12]. IDEA is a completely
sealed and airtight detector which is geometrically subdivided in a cylindrical bar-
rel region and closed at the extremities by two end-caps [16]. A realization of this
concept can be seen in Figure 3.

The IDEA detector is composed of several sub-detector parts as shown in Figure 4.
Starting from the collision point in the beam pipe which has a radius of about
1.5 cm, and moving radially outwards, the first layer consists of a central tracking
system [16]. This section is composed of a vertex detector made of silicon pixel
and strip detectors. The vertex detector is about 1.7 – 34 cm in radius and it is
here that the decay products of the HNLs are expected to start to be found as the
interesting phase space for long-lived HNL is about one meter. This detector will
be able to measure tracks of charged particles and reconstruct secondary vertices
with high precision [16].

4



Figure 3: Depiction of the IDEA concept and its sub-detectors. Figure reference [16].

Thereafter comes the drift chamber which is about four meters long and has a
radius of 35 – 200 cm [16]. This detector is used for particle-identification and
has the capacity to provide more than 100 measurements along the track of every
charged particle passing through it. The drift chamber is surrounded by silicon
wrappers made of silicon detectors followed by a layer of superconducting solenoid
magnets to provide a 2 T magnetic field [16]. The solenoid is then followed by
a detector called the pre-shower detector. This detector is used to identify and
measure the electromagnetic showers from the solenoid material.

Figure 4: Cross section of IDEA showing the detector layers. Notation: VTX for vertex
detector, DCH for drift chamber and Cal for calorimeter. Figure reference [15].

5



The second last chamber is the dual-readout calorimeter. This detector is respon-
sible for measuring the electromagnetic and hadronic components of the showers
of particles that have their origin in the calorimeter volume [16]. The final detec-
tor system is the muon chamber and with this the radius of the detector goes to
about 6 meters. This detector has the task of detecting long-lived particles that
make it to the final detector [16].

It is the detector specifications of this IDEA that has been used for this thesis
work. For all simulations with DELPHES [11], the IDEATrckCov.tcl card, which
can be found in Appendix D: DELPHES detector card, has been used to take
advantage of this detector design.

2.2 Heavy Neutral Leptons
The neutrinos found in the SM are expected to be massless but because of evidence
for neutrino oscillation it has been concluded that they do have mass. This is
also supported by experimental results [17, 18]. The SM, as formulated today, is
however not able to account for neutrinos that have mass and hence needs to be
expanded [19]. One way to tackle this mystery of neutrino masses and account
for them is by the introduction of a theory called the neutrino minimal SM or the
νMSM [20]. This model is presented in Figure 5.

Figure 5: The SM expanded with the addition of three HNLs (denoted N in the figure)
along the light neutrinos according to the νMSM model. Figure reference [21].

This model takes a minimalistic approach to readjusting the SM and proposes
a renormalizable extension of the SM that is consistent with the experimental
studies of neutrinos. The model containsN right handed singlet neutrinos (RHNs)
or HNLs with their interactions being gauge-invariant [20] where gauge theory
regulates the redundant degrees of freedom of the Lagrangian which defines the
state of the system. This theory further introduces both Dirac and Majorana
masses of the neutrinos which accounts for different properties.

There are several ways to define the different parameters within νMSM. The model
considered here defines the mass parameters to be restricted to within the elec-
troweak scale or the Planck’s scale (going up to the Planck energy) and hence
not deviating from the SM. This model also sets the parameter of the number of

6



HNLs, N , to be three, keeping the number of RHNs to be equal to the number of
LHNs. This particular variable can be modified depending on how the model is
designed. These specific parameters are chosen for this model because they prove
to be consistent with the data on neutrino masses and mixing [20].

The production of the HNL is theorized to take place through the type I see-saw
mechanism. A unique feature of the neutrino is that it can be considered to be a
Majorana fermion which effectively means that the neutrino can in nature be its
own antiparticle. This phenomenon implies that the unusually low mass scale of
the observed neutrinos could be generated by a see-saw mechanism where their
counterparts are heavy Majorana neutrino states, N, yet to be observed [22].

To understand this mathematically, the mass generation of the light neutrino needs
to be considered. The neutrino mass matrix can be expressed as follows,

mν =

(
0 mD

mD
T MN

)
(1)

where mD is the Dirac mass matrix and MN is the Majorana mass matrix [23].
In the case of the see-saw mechanism we have that mD � MN . The mass of the
light neutrino, mν , is then given by,

mν ≈
mD

2

MN

⇒ mν = |VlN |2 ·MN , (2)

where VlN is the mixing angle between mD and MN and is given by mD

MN
. The-

oretically then what happens is that the light neutrino mass becomes very small
by the presence of the heavy neutrino mass in the denominator. Hence, as one
is light, the other is heavy and there off the name "see-saw" mechanism [23]. A
Feynman diagram of the process can be seen in Figure 6.

Figure 6: Feynman diagram representing the type I see-saw mechanism producing a
right-handed singlet neutrino (NR) from a Higgs boson (H) and a lepton (L) where YN
is the so-called Yukawa coupling. Figure reference [23].
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When considering the mass of such HNLs, limits are placed in accordance with
results from neutrino oscillations, the bounds from the BAU and the conditions
for the discovery of DM candidates. These conditions are, as mentioned before,
set in the νMSM. Figure 7 presents the current limits on the mass range against
the mixing angles for the HNL. Hence, even though the mass of an HNL could
theoretically range all the way up to 1 TeV or more, the bounds are set to be below
the electroweak scale or below the mass of the W boson to match the results from
the other sectors. This way the mass of the three HNLs are expected to be in the
range of a few keV for the lightest one, to several GeV for the heavier two [22] where
the mass is in natural units. By the introduction of three HNLs in accordance
with this theory as described, the presence of neutrino masses can be demystified
and accounted for.

Figure 7: Constraints on the mass range against the mixing angles for the HNL. Figure
reference [24].

2.2.1 HNLs – one solution for three mysteries

As mentioned in Chapter 1, the SM is unable to explain certain mysteries of the
Universe. HNLs have the capacity to conceivably answer several of these questions
about the Universe that have not yet been understood, simultaneously. There are
three central open questions that the HNLs will be able to answer. The first
one, which has already been discussed in Chapter 2.2, concerned the neutrino
masses. The second is finding a candidate for DM and the final one is to provide
an explanation for the BAU.
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2.2.1.1 Dark matter

The Universe is composed of 80% DM when considering the matter to DM ratio
but there is till date no clear answer as to what it truly is [25]. Its presence
is however well-established from experimental evidence, the rotation curves of
galaxies being one such example of evidence, where the rotation curve of a galaxy
can be described as the variation in the orbital circular velocity of celestial bodies
at different distances from their centers. The variation of the velocity with the
radius of the object affects the distribution of mass in the galaxy [26].

For a solid disc, the velocity increases linearly with the radius of the object. For
celestial bodies in a galaxy where the majority of the mass is accumulated in the
center, the velocity is found to be decreasing with the square root of the radius [26].
This is the case in our Solar System and this behavior is called the "Keplerian
decline". If however a flat rotational curve is observed, that is a rotational curve
where the velocity is constant over a range of radii, it means that the mass is
increasing linearly with the radius of the object [26].

As has been observed, most galaxies present a solid body rotation in the center
followed by a constant or rising velocity with radii. Evidence of Keplerian decline
is very rarely found in other galaxies. The flat rotation curve of observed galaxies
implies that the mass increases linearly with the radius and hence the rotation
curves of galaxies present strong evidence for dark matter [26].

There are many more examples including dynamical evidence as for example the
Bullet cluster and the variations in the Cosmic Microwave Background (CMB)
radiation but no model of Modified Newtonian Dynamics have been able to explain
these observations [25].

There are three main ways of studying DM. These are through Direct Detection,
Indirect Detection and through collider production. These three ways are com-
plementary and if evidence is found through one method, confirmation is sought
after from the other methods [25]. The different methods provide different per-
spectives on the search for DM. A simple way to visualize this is through the
diagram presented in Figure 8.

HNLs can provide a candidate for DM through all these search methods. With the
parameters considered in Chapter 2.2, the νMSM allows for a particle candidate
for warm DM4. This HNL needs to have a mass in the range of 2 keV to 5 keV where
the mass constraints come from experimental observations. The lower bound is
decided by the CMB and the matter power spectrum which describes the density
contrast of the Universe. The upper bound comes from radiative decays of HNLs
in dark matter halos which are limited by X-ray observations [20].

It has also been established from studies like the ones presented in [27], that to
be able to account for the DM in the Universe, the number of HNLs needed in
the model is N = 3 [20]. From these HNLs, only one represents the DM, which
is the dark-HNL and is associated with the lightest of the three HNLs in the
model. Constraints on the mass scale introduces constraints on the couplings and
mixing angles of the HNLs but such constraints also come from the Big Bang

4Warm or hot DM is DM moving at relativistic speeds.
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Figure 8: Diagram representing the three methods of DM detection. f represents matter
from the SM and X represents DM. Figure reference [25].

Nucleosynthesis and from the absolute values of neutrino masses [20].

2.2.1.2 Baryon Asymmetry of the Universe

The BAU describes the asymmetry between matter and antimatter, or baryons
and antibaryons in this case, in our Universe. If the Universe had constituted
equal amounts of matter and antimatter, then all the baryons and antibaryons
would have annihilated early on in the evolution of the Universe and the Universe
would today only consist of photons and neutrinos. Since we however observe
about 6×10−10 baryons per photon, it provides evidence of a significant difference
between baryons and antibaryons already in the early stages of the Universe. It is
thanks to this asymmetry that the complex Universe we know of today exists.

To be able to account for the observed BAU, three conditions need to be met: the
Sakharov conditions [28]. These conditions consist of (i) efficient baryon number
violation, (ii) significant charge and charge-parity violations and (iii) substantial
deviation from thermal equilibrium. From processes within the SM, (i) is already
satisfied. However, when considering (ii) and (iii), the SM is not adequate but can
be completed with the introduction of HNLs [28].

Through the evolution of the Universe, a reference for which can be seen in Fig-
ure 9, the HNL history can be theorized as follows. After the Big Bang and
inflation stage of the Universe, the concentration of HNLs would have been negli-
gible. This concentration could then slowly have increased though reactions with
leptons and Higgs bosons [28]. Thereafter, depending on the evolution of HNLs
mass and coupling, these would both either have become large or small.

Considering the case of large HNL masses, the decay of HNL would naturally
cause an asymmetry in matter-antimatter production as the HNL would have
different probability of decaying to leptons or antileptons. This asymmetry in
the lepton-antilepton ratio is what is known as leptogenesis and can turn into
baryon asymmetry or vice versa through a process known as sphaleron process. If
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Figure 9: Diagram representing the evolution of the Universe. Figure reference [29].

the HNL masses are smaller, they undergo resonant leptogenesis where the decay
asymmetry becomes resonantly enhanced. Hence such heavy majorana neutrinos
provide CP violation via their complex couplings [28].

For the final condition it is required that the decay of the HNL happens outside
the thermal equilibrium of the Universe. This can happen from both directions
of approaching the equilibrium, freeze-out and freeze-in [28]. Freeze-out can be
defined as the state when the temperature dropped below the heavy neutrino
mass meaning the HNLs were in thermal equilibrium at high temperatures and
then moved away from the equilibrium as the temperature fell. Freeze-in can
be defined as the state when the HNLs are out of thermal equilibrium at high
temperature and enter as the temperature lowers. From the small couplings of the
HNLs they also have slower reactions allowing for decay of the HNL to happen
outside the thermal equilibrium and thus satisfying the third condition [28]. Hence
by fulfilling the three Sakharov conditions, the HNLs can provide an explanation
for the observed BAU.

2.2.2 Long-lived HNLs

The SM encompasses particles with many different lifetimes. There are particles
like the Z boson which has a lifetime of 2 × 10−25 s which is short, but there
are also particles like the proton, which is made up of three quarks and has a
lifetime over 1034 years, or the electron, which is stable as far as we know [6]. How
long lifetime a certain particle has depends on several factors, couplings and mass
being the most important, but also mass splitting of the particle and the presence
of heavy intermediate (virtual) particles mediating decays [30]. To put this into
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context, the Z boson which has a large mass and is strongly coupled will have a
short lifetime and decay quickly, whereas a particle that couples feebly to other
particles will have a longer decay time.

In the context of this work, "long-lived particle" is an umbrella term that covers
new, Beyond Standard Model (BSM) particles which have not yet been observed
experimentally and which travel a considerable distance in the detector before de-
caying [24]. In this case, the HNLs are the LLPs considered. LLPs have distinct
experimental signatures and some examples of such atypical experimental signa-
tures resulting from BSM LLPs that can show up in general purpose detectors are
shown in Figure 10 [6].

The signatures of interest for this work are displaced vertices of the HNL. The
collision of the electron and positron takes place at the interaction point (IP) which
for this case can be called the primary vertex (PV). From there the produced HNL
travels a distance thanks to its longer lifetime and creates a displaced vertex (DV)
where it then decays to its decay particles [31].

Figure 10: Schematic of the different atypical signatures that can result from BSM LLPs
at general purpose detectors. Figure reference [31].

The distance from the DV to the IP is called the covariance matrix and can be
found by vertex-fitting algorithms [31]. Figure 11 presents the different tracks and
vertices through the different layers of a general purpose detector and shows where
such displaced tracks show up. The section closest to the IP is called the internal
detector (ID) followed by the electromagnetic calorimeter (ECAL), the hadronic
calorimeter (HCAL) and finally the muon spectrometer (MS).
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Figure 11: Schematic of different vertex formations at general purpose detectors through
the different layers of the detector. Figure reference [31].

2.2.3 Signal & variables of interest

The signal studied is HNL of mass 50, 30 and 10 GeV produced in electron-positron
collision. The main production mode at the FCC-ee in the high-luminosity tera-Z
regime is via Z decay.

The process studied in this work is therefore e+e− → Z → νN , or electron-positron
collision producing a Z boson which decays into a regular neutrino and an HNL.
This HNL then decays to a lepton and a W boson as, N → l W . The W boson
then decays to the final state of a lepton and a light neutrino as W → l ν with a
probability of 33% or to the final state of two quarks asW → qq with a probability
of 67%. The different probabilities are caused by the branching ratios of the W
boson. The Feynman diagram of this signal is presented in Figure 12.

Figure 12: Feynman diagram representing the process of an electron and positron colli-
sion creating an HNL, represented as N, decaying to its daughter particles.

When colliding particles at high energies like the mentioned energies for the
FCC-ee, the high energy of the particles causes relativistic effects to take place.
It is important to incorporate these effects into the calculations of the signal vari-
ables in order to understand time dilation and length contraction of the system.
One such concept that is of importance here is the concept of boost where the
HNL travels a shorter distance in its reference frame than what is observed.
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When calculating the proper lifetime, τ0, of the HNL, the HNL is considered to
have zero momentum. With this, the proper lifetime of the HNL can be calculated
theoretically by

τ0 =
~
Γ
, (3)

where ~ is the reduced Planck’s constant and Γ is the decay width of the HNL.
By conversion in natural units, the equivalent in units of length can be calculated.
This is then said to be the distance the HNL travels through the tracker before
decaying.

However, in the case of the HNL that is produced in the collider, it is not produced
with zero momentum and hence will experience length contraction as it travels.
To understand this, one can start from the basics of special relativity and first
consider the transformation between the moving frame (denoted by a prime as ′)
and the rest frame as given by Equation 4.


t′

x′

y′

z′

 =


γ β γ 0 0
β γ γ 0 0
0 0 1 0
0 0 0 1

 ·

t
x
y
z

 (4)

Here, β γ needs to be written in terms that are measurable at the collider, for
example, energy, mass and momentum. Therefore, in a similar fashion as for
Equation 4, the four vector for the energy-momentum for a particle at rest can be
written as given by Equation 5.


E ′

p′x
p′y
p′z

 =


γ β γ 0 0
β γ γ 0 0
0 0 1 0
0 0 0 1

 ·

m
0
0
0

 (5)

Then, p′x can be written as p′x = βγm from where βγ can be written as βγ = p′x
m
.

By then applying the theory of length contraction, which can be stated as

L′x =
L0

βγ
,

the length in the rest frame can be calculated as L0 = p′x
m
·L′x, where the momentum

and the displacement are in the lab frame. By applying the same reasoning, if the
particle travels in the x,y direction, the displacement in the lab frame becomes
L′xy and the lab momentum becomes p′T .

Therefore when calculating the lifetime with relativistic effects in consideration,
the lifetime is calculated as

t =
pT
m
· Lxy, (6)

where pT is the momentum of the HNL, m is the mass of the HNL and Lxy is the
transverse displacement of the HNL. Equation 6 is the equation used to calculate
the lifetime of the HNL for the distributions presented in Chapter 4.
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3 Simulation Setup

The work was separated into two sections. The first section was to produce and
validate an HNL sample in a standalone framework which was created by Dr.
Suchita Kulkarni. The second section was the creation, validation and implemen-
tation of three HNL samples in the FCC framework in order to understand and
carry out vertexing studies of the HNL with the FCC-ee.

3.1 HNL Standalone Framework
In order to understand collider phenomenology, there are two major steps. The
first step is the creation of the process of interest. In this HNL standalone frame-
work, the first step encompassed the creation of the process of electron-positron
collision and was carried out with the aid of the simulation software MadGraph [9].
MadGraph is a framework that provides all necessary elements for SM as well as
BSM phenomenology and supports the generation of events [9]. It is a widely used
generator. For MadGraph to be able to create the required process, inputs in the
form of MadGraph cards are required. These cards define the exact processes to
be modeled and set variables such as masses, couplings, center of mass energies
and number of events to be generated of the process. The cards used for this
study can be found in Appendix A: MadGraph card and Appendix B: MadGraph
parameter card for HNL.

Once the process to be modeled had been defined, the gathered information from
MadGraph was fed into PYTHIA [10]. PYTHIA is a program that is widely used
for the generation of high-energy physics events. This program provides the de-
scription of collisions between elementary particles at high energies [10]. PYTHIA
also contains the theory and models for different physics aspects. These aspects
include cross sections both total and partial, hard and soft interactions, parton or
constituent of hadron distributions, initial- and final-state parton showers, match-
ing and merging of different matrix elements and particle showers, multiparton
interactions, hadronization and fragmentation and decays [10]. For this work,
PYTHIA was used to hadronize the events, or to create hadrons out of quark in
the events produced from MadGraph. As for the case of MadGraph, PYTHIA also
requires an input in the form of a command card. This card is called a PYTHIA
card and in this work, it contained the parameters for hadronization. This card
can be found in Appendix C: PYTHIA card for HNL.

After MadGraph and PYTHIA had generated and hadronized the events, the
setup was inserted into DELPHES [11]. DELPHES is a fast detector simulator
which produces simulations of a detector and it also requires an input card which
sets the detector environment to be used for the study. For this work, the detector
environment used was the IDEAtrkCov and as mentioned before, this card can
be found in Appendix D: DELPHES detector card. The output of DELPHES is
a ROOT file where ROOT is a widely used framework for storing and analyzing
high-energy collision events in the form of trees and branches. This ROOT file from
DELPHES is the main output from the first part of collider phenomenology and
can be called the sample in the creation of the process of interest. In this frame-
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work, all of the three mentioned programs, MadGraph, PYTHIA and DELPHES,
were combined in a so-called wrapper in order to simplify the usage.

This completes the first step in setting up collider phenomenology. The second
step in collider phenomenology is to validate and analyze the produced process,
and in this case, analyzing the sample, the ROOT output file from DELPHES.
This validation and analysis was carried out by writing scripts in Python that
covered everything needed for the complete analysis.

To start off this analysis, distributions of the momentum of the two jets or sprays
of hadrons, the calculated invariant mass and truth Monte Carlo (MC) mass of
the HNL, the lifetime τ of the HNL and the transverse displacement Lxy of the
HNL in the tracker were studied. This was done partly to be able to compare to
theoretically calculated values and validate the sample, and partly to gain more
insight into HNL behavior. Thereafter a more in-depth study of the decay of the
HNL was carried out. This analysis focused on what particles the HNL decayed to
and how many of those particles were produced per event. For this, the electrons
and the jets were counted per event.

From this study it was observed that there was some misidentification of particles
at the detector level. This was realized from a reconstructed mass distribution
of the HNL. This initiated the next phase of the analysis study where the aim
was to try to solve the misidentification problem. For this, code was developed
where the distance between the misidentified particles was recorded and used to
separate two particles that were too close spatially and potentially ran the risk of
misidentification. Thereafter the pseudorapidity or the spatial coordinate for the
angle of the particle relative to the beam axis was also studied to finalize that the
output was consistent with what is expected from theory. This method solved the
complication and the chapter of validation was closed.

3.2 FCC Framework
Once the sample had been validated, the work was shifted to the FCC framework.
In this framework, three samples were created in the EDM4HEP format [32] in
order to study different benchmarks of the HNL. These samples were thereafter
validated and implemented for the vertexing studies.

To set up the FCC framework, several packages from the framework was used.
The FCCeePhysicsPerformace package along with the FCCAnalyses package was
downloaded and installed from HEP-FCC repository. The FCCeePhysicsPerfor-
mace package contains the different case studies, including the flavour physics
case study. This case study contains the vertexing and tracking study codes and
was therefore central to this work. The FCCAnalyses package contains all the
tools required to carry out the analysis of the study in accordance with the FCC
framework.

Once everything had been set up, the HNL sample in the EDM4HEP format was
imported into the system. Thereafter the main example code from the FCCeeP-
hysicsPerformace package related to vertexing and tracking of LLPs was edited in
order to accommodate for HNLs. Once this was done, the base script, written in
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C++ and found in FCCAnalyses, was edited as the code from FCCeePhysicsPer-
formace calls on the master script from FCCAnalyses. Finally, the HNL sample
was run through the vertexing and tracking code to understand the impact of
tracking configurations on HNLs. The same was carried out for the next two
samples as well.
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4 Analysis

This chapter presents the results obtained from the validation of the HNL sam-
ple in both the standalone framework as well as the FCC framework. It also
presents the results obtained from the vertexing study carried out in the FCC
framework.

Validation of the HNL sample in the standalone framework was carried out in order
to confirm that the sample was produced correctly and that expected outputs were
produced when the sample was run. To test and validate the sample, different
variables were studied and simulated through the program for the two final states
of e+e−ν and l q q where the lepton considered was an electron and the quarks of
course show up as jets in the detector. All distributions were produced using the
same detector parameters and with the same number of events. The error bars
used for the analysis in the standalone framework are calculated by

√
N where N

is the number of events in the bin.

For the validation and vertexing studies carried out in the FCC framework, three
different samples were created in order to study three different benchmarks for the
HNL. Throughout the analysis natural units are used. The first sample simulated
an HNL with a mass of 50 GeV to be able to carry out direct comparisons to the
sample from the standalone framework. The following two samples, one with a
mass of 30 GeV and the other with a mass of 10 GeV, are vital to understand the
changes in physics cases with the change in HNL mass. One important point to
note for the study cases in the FCC framework is that all simulations carried out
were done for the e+e−ν final state as the part of the FCC framework used has
not yet been developed to be able to account for particle decays to jets.

From both frameworks, the variables that were used to create distributions for
comparison included the time distribution of the HNL, the transverse displacement
of the HNL, the invariant mass of the HNL and the transverse momenta of the
HNL and the decay particles. Finally, to confirm that the beam was centered, the
pseudorapidity was checked. The following discussion will present and compare
the different variables from the different samples.

To start off by making make sure that the programs were able to recreate the
samples correctly, the first variable studied was the mass of the HNL. For each
sample from both frameworks, the generator mass was studied. For the standalone
framework, in addition to the MC particle mass, the reconstructed mass was also
studied as there were no constrains from the program on this unlike for the case of
the FCC framework. Figures 13, 14, 15, 16 and 17 present the mass distributions
of all the samples.
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Figure 13: Invariant mass distribution of 50 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from standalone framework.

Figure 14: MC invariant mass distribution of 50 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from standalone framework.
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Figure 15: Generator mass of 50 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

Figure 16: Generator mass of 30 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.
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Figure 17: Generator mass of 10 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

Figure 13 presents the invariant mass of the HNL. The decay products of the HNL
are well known in theory and have been discussed in Chapter 2.2.3 and presented
in the Feynman diagram in Figure 12. Knowing the daughter particles of the
HNL, the invariant mass of the system was calculated through the program by
using the four-momentum of the two jets and the electron. This was done in order
to make sure that the set HNL mass could be retrieved. Hence, since the inserted
mass of the HNL was set to 50 GeV, a peak around this mass is expected.

As can be observed, a peak occurs at approximately 42 GeV. The reason for the
peak being broad and the deviation of the mean value of the mass from the ex-
pected 50 GeV is due to the fact that reconstruction is made from jets. Since
jets are collections of particles, it is difficult for the detectors to reconstruct them
exactly. Effectively, this difficulty in exact reconstruction can lead to misidenti-
fication of certain particles causing deviations in the invariant mass calculation.
Here, this difficulty in the reconstruction caused electrons to be misidentified as
jets, which explains the small bump seen at about 70 GeV in Figure 13. Appro-
priate actions were taken in the analysis in order to clear out the misidentification
as discussed in Chapter 3.

When instead the MC invariant mass of the HNL was studied, it was calculated
using the MC particles or the two quarks and the electron from the lepton-quarks
final state. Hence, the reconstruction is expected to be clean as truth level quan-
tities are being used and there should be no scope for misidentification. This
distribution can be studied from Figure 14. As can be seen, a sharp peak at 50
GeV can be observed which corresponds exactly to set the HNL mass. The sharp
peak of the distribution is also an indication of the exact reconstruction as in
comparison with the mass distribution from Figure 13.
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When studying the HNL generator mass from the FCC framework for the HNLs of
mass 50, 30 and 10 GeV as presented in Figures 15, 16 and 17, it can be observed
that sharp peaks are produced at the set HNL masses for all samples. The exact
value of the mass can also be read from the mean value recorded by the simula-
tion. The sharpness of the peaks comes from the distribution being reconstructed
from MC particles. These distributions clarify that the mass reconstruction is
proper.

One of the variables that is the most important for the validation of the samples
is the time distribution. For this variable it is of importance to first calculate
the theoretical proper lifetime and then compare to the lifetime of the simulated
HNL. The proper lifetime of the HNL was calculated theoretically with the help
of Equation 3. For the HNL sample with 50 GeV mass from the standalone
framework, this was calculated using the decay width of 4.420242 × 10−16 GeV.
The lifetime of the HNL was found to be 1.489086 × 10−9 s. By conversion in
natural units, this is equivalent to 0.446726 m in units of length and can be said
to be the distance the HNL travels through the tracker before decaying to its
daughter particles. In the same way, the lifetimes were calculated for the other
samples of HNL of mass 30 and 10 GeV. For these samples a proper time of 0.2 m
was fixed which corresponded to 0.2 [m] / c [m/s] = 6.67 × 10−10 s. The lifetime
distributions for all four samples are presented in Figures 18, 19, 20 and 21.

Figure 18: Time distribution of 50 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from standalone framework.
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Figure 19: Time distribution of the 50 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

Figure 20: Generator mass of the 30 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.
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Figure 21: Time distribution of the 10 GeV HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

As can be seen from Figures 18, 19, 20 and 21, the simulated lifetime which can be
read from the mean agrees with the theoretically computed values of the proper
lifetime for all samples. The agreement of the lifetime over the frameworks for the
50 GeV sample is also important to note as this is crucial for validation.

It is of importance to understand that only samples of the same lifetime can be
compared as this lifetime is set as the proper time in the creation of the sample.
The reason for being able to compare the theoretically calculated proper lifetime
with the simulated lifetime is because the boost concept has been accounted for
in the calculations. This is however not the case for the next variable that is
studied, the transverse displacement of the HNL or the Lxy. The Lxy is partly
dependent on the lifetime of the particle and the mass of the particle as is described
in Chapter 2.2.3, and if both the lifetime and the mass is changed, comparison
cannot be made. Kinematic comparisons can however be made between all the
samples as these only depend on the mass of the particle.

Hence, the next variable to consider is the Lxy, showing that the HNL travels a
significant distance through the tracker. The Lxy distributions for all four samples
are presented in Figures 22, 23, 24 and 25, and as can be seen they all show an
exponentially decaying function. This is expected as the HNL is decaying to its
daughter particles as it travels through the tracker.
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Figure 22: Transverse displacement of 50 Gev HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from standalone framework.

Figure 23: Transverse displacement of the 50 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.
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Figure 24: Transverse displacement of the 30 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.

Figure 25: Transverse displacement of the 10 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.

Comparing Figures 22, 23, 24 and 25, it can be noted that as the mass of the
HNL decreases from 30 GeV to 10 GeV, the Lxy becomes longer. This means
that an HNL with a larger mass travels a shorter distance through the tracker
before decaying. The reasoning behind this is that the lighter particle has more
momentum to be able to travel a longer distance through the tracker as compared
to the heavier particle. The agreement between the mean Lxy for the 50 GeV
sample from the standalone framework and the 50 GeV sample from the FCC
framework should also be noted since it is vital for the validation of the sample
because it confirms that the sample implementation works in both frameworks as
the same results can be reproduced.

Moreover, it is of importance that such displaced signatures are well modeled by
the program as the displaced signature is a key aspect separating LLPs from all
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other particles in the collider. This displacement also provides the great advantage
of having very little to no background in the tracker when tracking LLPs which
strongly aids in the detection and study of LLPs. In this case, when the simulated
HNL decays on the order of meters away from the IP, a significant displacement
is created along with a proper scope for vertexing studies.

It is also of interest to study the kinematics of the HNL and its decay particles
as this provides information on how these particles will behave inside the tracker.
When the search for these particles begins at the FCC-ee, robust theory needs
to have been established regarding at which momentum the different particles
need to be searched for. In short, the kinematics of the samples define the search
region for the particles and hence is of great significance for the study. To start
off the kinematic studies, the transverse momentum of the HNL was considered.
Figures 26, 27, 28 and 29 present the distributions of the pT of the HNLs of the
different masses.

Figure 26: Transverse momentum of the 50 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from standalone framework.
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Figure 27: Transverse momentum of the 50 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.

Figure 28: Transverse momentum of the 30 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.
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Figure 29: Transverse momentum of the 10 GeV HNL at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from FCC framework.

As can be observed by comparing Figures 26, 27, 28 and 29, all distributions
present the same shape of an increasing exponential function that reaches a peak
and then gets cut-off at a certain value. This peak is created due to the finite
energy of the system. The collider is set to have a total energy of

√
s = 100 GeV.

After the electron-positron collision, this 100 GeV goes to creating and giving
momentum to the light neutrino and the HNL following energy and momentum
conservation. The energy going to the HNL versus the neutrino depends on the
mass set for the HNL. The bigger the mass of the HNL, the more energy will
be needed for its creation and momentum and the less will be left for the light
neutrino. This is why the peak and sudden cut-off is observed from the distribu-
tions of the HNL pT . At the peak value of the HNL pT , the HNL has used all
its energy and cannot further increase its pT as the rest of the energy goes to the
light neutrino.

Hence, this value of this peak after which the distribution experiences the cut-off
is dependent on the mass of the HNL. As can be seen from the distributions and
as was explained above, the cut-off value for the HNL pT increases with decreasing
mass of the HNL. This can be interpreted as, the lighter the HNL is, the more
momentum it will have while traveling through the tracker. For the 50 GeV HNL
from both the standalone framework as well as from the FCC framework, the peak
is observed at about 31.2 GeV, for the 30 GeV HNL the peak is observed at 40
GeV and for the 10 GeV HNL the peak is oberved at 44.6 GeV. Hence the increase
of HNL pT with decreasing HNL mass can be observed.

Moving on to the study of the kinematics of one of the decay products of the HNL,
it is of interest to consider for example the electron. Since the difference between
an electron and a positron will not impact the physics behind the study, the
distributions of only the electron is presented here although both decay products
have been studied. During the scope of the discussion of this variable, the mention
of "electron" specifically refers to the electron coming from the decay of the HNL
only. The pT of the electron for the different masses and frameworks is presented
in Figures 30, 31, 32 and 33.
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Figure 30: Transverse momentum of electron from 50 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from standalone framework.

Figure 31: Transverse momentum of the electron from 50 GeV HNL decay at
√
s =

100 GeV in simulated FCC-ee IDEA detector from FCC framework.
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Figure 32: Transverse momentum of the electron from 30 GeV HNL decay at
√
s =

100 GeV in simulated FCC-ee IDEA detector from FCC framework.

Figure 33: Transverse momentum of the electron from 10 GeV HNL decay at
√
s =

100 GeV in simulated FCC-ee IDEA detector from FCC framework.

From Figures 30, 31, 32 and 33, it can be observed that all the distributions show
peaks at very low values of pT , hence the electrons can be said to be soft. For
the electron coming from the 50 GeV HNL, both frameworks show agreement as
can be seen from Figure 30 and 31, and a peak around 10 GeV can be noted for
both. Due to lack of statistics in the distribution from the FCC framework, the
distribution isn’t smooth and the peak isn’t as clear as the peak observed from the
standalone framework. From Figure 32, a peak is observed at about 5 GeV. The
distribution in Figure 33 shows a peak at about 1 GeV. From this it can be said
that the peak in the electron pT shows dependency on the mass of the HNL that
the electron decays from. As the mass of the HNL decreases, so does the peak for
the electron pT which is expected from theory as a particle with less mass will have
less energy for the transverse momentum of the particle’s daughter particles.
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The final part for the validation of the sample in the standalone framework was
to check the pseudorapidity of the decay products in order to understand the
orientation of the particles in relation to the beam. Pseudorapidity is the spatial
coordinate that describes the angle of, in this case, the jet or electron relative to
the beam axis. A low pseudorapidity value close to zero indicates the particles
being oriented 90 degrees to the beam axis whereas a high pseudorapidity value
(approaching infinity) represents the particles being in line with the beam. The
results from the pseudorapidity check for the jets is present in Figure 34 and for
the lepton in Figure 35. As can be observed, both figures show the distribution
centered and both have their mean around ±0 indicating that their angle relative
to the beam axis is around 90 degrees which is in accordance with what is expected
of the jet and electron as the decay products of the collision studied.

Figure 34: Pseudorapidity of jet of HNL decay at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from standalone framework.

Figure 35: Pseudorapidity of electron of HNL decay at
√
s = 100 GeV in simulated

FCC-ee IDEA detector from standalone framework.
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The results from the validation of the samples from both the standalone framework
as well as the FCC framework provided substantial evidence of well established
samples. It can therefore be said that the samples were successfully validated,
especially due to the agreement between the theoretical and experimental values
of the time distributions of the HNL samples and the agreement of the distributions
between the frameworks.

The next variable that was of interest to study was the track reconstruction of the
HNL decay as vertexing studies are the next step of the study. From the theory
presented in Chapter 2 where considering the Feynman diagram from Figure 12
once more can be convenient, it can be understood that the HNL will produce
two measurable tracks, one for each charged lepton. There will be no visible track
of the light neutrino as this does not show up in the detector as a track but only
as missing energy. Hence for all decays of the HNL, despite mass, two tracks are
expected to be reconstructed. The distributions of the track reconstructions are
presented in Figures 36, 37 and 38.

Figure 36: Number of tracks reconstructed from 50 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.
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Figure 37: Number of tracks reconstructed from 30 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.

Figure 38: Number of tracks reconstructed from 10 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.

From Figures 36, 37 and 38 it can be seen that the majority of the events produce
two tracks, however certain events with zero and one track can also be seen.
These counts come from either one of the particles decaying outside the range
of the tracker or both in the case of the zero counts. As is expected however,
these counts are few as the majority of the particles decay within the span of the
tracker.

The observation of events with zero or one track can be explained by the structure
of the code for the simulation. The code implements a reality measure where if a
particle decays outside the range of the tracker, it is not recorded and hence only
the track that stays within the tracker gets recorded. This therefore gives rise to
a single or no track in some cases.

It should be noted that this is complementary to the previously presented analysis
of a lighter HNL traveling further before decaying. As the mass of the HNL
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decreases, the number of events for the one and zero counts increases, showing
that more particles are decaying outside the tracker. Overall it can be said that
the track reconstruction can be implemented as required.

The final part of the discussion is aimed at the vertexing study of the HNL which
was carried out in the FCC framework. This investigation had its focus on study-
ing the vertices of the HNL and the electron coming from the HNL decay, and
ensuring that vertex displacement could be observed. Beginning the analysis with
the mother particle, the HNL, the creation vertex should be expected to be at
(0,0,0) as the HNL should be created at the IP. Figures 39, 40 and 41 show the
distributions of the HNL creation vertex for each spatial axis in a rectangular
coordinate system.

Figure 39: Vertex position in x-axis of HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

Figure 40: Vertex position in y-axis of HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.
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Figure 41: Vertex position in z-axis of HNL at
√
s = 100 GeV in simulated FCC-ee

IDEA detector from FCC framework.

As can be seen, all distributions presented in Figures 39, 40 and 41 show a mean
of zero as expected. Understanding that the end-vertex of the HNL is the creation
vertex of the electron clarifies the assumption that it is the electron vertex that
should be expected to be displaced. In other words, if the HNL is displaced, then
the electron vertices should not be zero. The distributions for the electron vertices
for HNL masses of 50, 30 and 10 GeV for both the x and y axes are presented in
Figures 42, 43, 44, 45, 46 and 47.

Figure 42: Electron vertex displacement in x of 50 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.
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Figure 43: Electron vertex displacement in y of 50 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.

Figure 44: Electron vertex displacement in x of 30 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.
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Figure 45: Electron vertex displacement in y of 30 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.

Figure 46: Electron vertex displacement in x of 10 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.
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Figure 47: Electron vertex displacement in y of 10 GeV HNL decay at
√
s = 100 GeV

in simulated FCC-ee IDEA detector from FCC framework.

As can be observed from Figures 42, 43, 44, 45, 46 and 47, all electron vertices
in both the x and y directions of all the HNL masses are displaced and the dis-
placed vertex is reconstructed. This outcome was expected as we have a displaced
signature from the HNL. From the distributions it can also be noticed that this
displacement of the electron vertex is dependent on the HNL mass. For the HNL
mass of 50 GeV the electron production vertex shows a displacement of about
500 mm, for the HNL mass of 30 GeV, the electron production vertex shows a
displacement of about 1000 mm, and for the HNL mass of 10 GeV, the electron
production vertex shows a displacement of about 2000 mm. Hence, as the mass of
the HNL decreases, the displacement of the electron production vertex increases,
so as the particle becomes lighter, it is able to have a greater displacement. This
is in harmony with the discussion of the previous variables of the study.

The study of the vertexing separated into the x and y coordinates is interesting
when considering the true experiment. The detector for the study will have differ-
ent geometries for the different axes and therefore investigation of vertex formation
in regards to the different coordinates is of significance as this might affect the
direction of the search for the particles at the collider.
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5 Summary & Conclusions

HNLs are an important physics case to investigate as these particles can prove to
be the heavier counterparts of the light neutrinos in the Standard Model and have
the possibility to simultaneously answer several of the unanswered questions of
the Universe. The facilities of the FCC-ee provide energy ranges and luminosities
that are advantageous for the search for such particles and is hence the collider
of interest. Since these LLPs create distinct signatures of displaced vertices in
colliders, they introduce the need for dedicated reconstruction methods.

In this work, the focus was to study the mentioned physics case in order to investi-
gate the nature of HNLs and their displaced signatures from different benchmarks
and aid in the development of robust strategies for HNL tracking and explorations
at the FCC-ee. This study further serves as stepping stones towards the discovery
of the HNLs at the FCC-ee.

In order to create and analyze the process of interest, MC event generators and
fast detector simulators were used. The events were generated using MadGraph
and PYTHIA and the simulations were carried out through DELPHES. As this
work has its grounds in simulation of particle collisions where the inputs come
from parameters cards built from tabulated data such as PDG IDs, there are no
major sources of uncertainties involved at the generator level. At reconstructed
level, uncertainties can arise due to detector performance.

Two different frameworks were used for the study. A standalone framework was
used to first create and validate a sample containing HNLs. Thereafter the study
was carried out in the FCC framework where validation and vertexing studies were
done for three samples representing different benchmarks.

The samples from both frameworks were validated by comparing the theoreti-
cally calculated values for the proper time to the simulated lifetime. Thereafter
to study the nature of the HNL and understand its behaviour at the collider,
kinematic variables were investigated and compared between the different bench-
marks. The results highlighted the relationship between the mass of the HNL and
the transverse momentum of the particles.

Moreover from the vertexing and tracking studies, it was found that the number
of tracks created from the HNL was in accordance with what is expected from
theory. Reconstructing the production vertex of the decay particles of the HNL
also presented the proper reconstruction of displaced vertices in the FCC frame-
work.

The conclusions from the study are hence that all the samples from both frame-
works could be validated, that implementation of a displaced HNL signature could
be made possible in the FCC framework for the very first time, and that displaced
vertices could be studied.

This work, containing the development of the FCC framework and the results
obtained on the nature of the HNL, is of significance for the studies carried out
within the field and finds its use in the development of strategies for the search
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for HNLs at CERN. The work started by this thesis is to be carried on by the
University of Geneva for further studies.

This study hence represents the beginning of a long journey towards understanding
the HNLs and moving into the tracking of HNLs at the FCC-ee. The next step
in the journey would entail carrying out vertex fitting studies where the found
displaced vertices of the HNL decay particles would be fitted in order to study
displaced tracks. From there on, the aim is to be able to develop the framework
to be able to identify and track the HNL through the detectors of the FCC-ee.
There is much scope for development and future initiatives, and this thesis work
is one of the very first steps in that journey.
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Appendix A: MadGraph card
1 #*********************************************************************
2 # MadGraph5_aMC@NLO *
3 # *
4 # run_card.dat MadEvent *
5 # *
6 # This file is used to set the parameters of the run. *
7 # *
8 # Some notation/conventions: *
9 # *

10 # Lines starting with a '# ' are info or comments *
11 # *
12 # mind the format: value = variable ! comment *
13 # *
14 # To display more options, you can type the command: *
15 # update full_run_card *
16 #*********************************************************************
17 #
18 #*********************************************************************
19 # Tag name for the run (one word) *
20 #*********************************************************************
21 tag_1 = run_tag ! name of the run
22 #*********************************************************************
23 # Number of events and rnd seed *
24 # Warning: Do not generate more than 1M events in a single run *
25 #*********************************************************************
26 10000 = nevents ! Number of unweighted events requested
27 0 = iseed ! rnd seed (0=assigned automatically=default))
28 #*********************************************************************
29 # Collider type and energy *
30 # lpp: 0=No PDF, 1=proton, -1=antiproton, 2=photon from proton, *
31 # 3=photon from electron, 4=photon from muon *
32 #*********************************************************************
33 1 = lpp1 ! beam 1 type
34 1 = lpp2 ! beam 2 type
35 6500.0 = ebeam1 ! beam 1 total energy in GeV
36 6500.0 = ebeam2 ! beam 2 total energy in GeV
37 # To see polarised beam options: type "update beam_pol"
38

39 #*********************************************************************
40 # PDF CHOICE: this automatically fixes also alpha_s and its evol. *
41 #*********************************************************************
42 nn23lo1 = pdlabel ! PDF set
43 230000 = lhaid ! if pdlabel=lhapdf, this is the lhapdf

number↪→

44 # To see heavy ion options: type "update ion_pdf"
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45 #*********************************************************************
46 # Renormalization and factorization scales *
47 #*********************************************************************
48 False = fixed_ren_scale ! if .true. use fixed ren scale
49 False = fixed_fac_scale ! if .true. use fixed fac scale
50 91.188 = scale ! fixed ren scale
51 91.188 = dsqrt_q2fact1 ! fixed fact scale for pdf1
52 91.188 = dsqrt_q2fact2 ! fixed fact scale for pdf2
53 -1 = dynamical_scale_choice ! Choose one of the preselected

dynamical choices↪→

54 1.0 = scalefact ! scale factor for event-by-event scales
55 #*********************************************************************
56 # Type and output format
57 #*********************************************************************
58 False = gridpack !True = setting up the grid pack
59 -1.0 = time_of_flight ! threshold (in mm) below which the

invariant livetime is not written (-1 means not written)↪→

60 average = event_norm ! average/sum. Normalization of the
weight in the LHEF↪→

61 #*********************************************************************
62 # Matching parameter (MLM only)
63 #*********************************************************************
64 1 = ickkw ! 0 no matching, 1 MLM
65 1.0 = alpsfact ! scale factor for QCD emission vx
66 False = chcluster ! cluster only according to channel diag
67 4 = asrwgtflavor ! highest quark flavor for a_s reweight
68 True = auto_ptj_mjj ! Automatic setting of ptj and mjj if xqcut

>0↪→

69 ! (turn off for VBF and single
top processes)↪→

70 30.0 = xqcut ! minimum kt jet measure between partons
71

72 #***********************************************************************
73 # Turn on either the ktdurham or ptlund cut to activate *
74 # CKKW(L) merging with Pythia8 [arXiv:1410.3012, arXiv:1109.4829] *
75 #***********************************************************************
76 -1.0 = ktdurham
77 0.4 = dparameter
78 -1.0 = ptlund
79 1, 2, 3, 4, 5, 6, 21, 82 = pdgs_for_merging_cut ! PDGs for two

cuts above↪→

80

81 #*********************************************************************
82 #
83 #*********************************************************************
84 # handling of the helicities:
85 # 0: sum over all helicities
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86 # 1: importance sampling over helicities
87 #*********************************************************************
88 0 = nhel ! using helicities importance sampling or

not.↪→

89 #*********************************************************************
90 # Generation bias, check the wiki page below for more information:*
91 #

'cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LOEventGenerationBias'*↪→

92 #*********************************************************************
93 None = bias_module ! Bias type of bias, [None, ptj_bias,

-custom_folder-]↪→

94 {} = bias_parameters ! Specifies the parameters of the module.
95 #
96 #*******************************
97 # Parton level cuts definition *
98 #*******************************
99 #

100 #
101 #*********************************************************************
102 # BW cutoff (M+/-bwcutoff*Gamma) ! Define on/off-shell for "\$" and

decay↪→

103 #*********************************************************************
104 15.0 = bwcutoff ! (M+/-bwcutoff*Gamma)
105 #*********************************************************************
106 # Standard Cuts *
107 #*********************************************************************
108 # Minimum and maximum pt's (for max, -1 means no cut) *
109 #*********************************************************************
110 20.0 = ptj ! minimum pt for the jets
111 0.0 = ptb ! minimum pt for the b
112 -1.0 = ptjmax ! maximum pt for the jets
113 -1.0 = ptbmax ! maximum pt for the b
114 {} = pt_min_pdg ! pt cut for other particles (use pdg code).

Applied on particle and anti-particle↪→

115 {} = pt_max_pdg ! pt cut for other particles (syntax e.g. {6:
100, 25: 50})↪→

116 #
117 # For display option for energy cut in the partonic center of mass

frame type 'update ecut'↪→

118 #
119 #*********************************************************************
120 # Maximum and minimum absolute rapidity (for max, -1 means no cut)*
121 #*********************************************************************
122 5.0 = etaj ! max rap for the jets
123 -1.0 = etab ! max rap for the b
124 0.0 = etabmin ! min rap for the b
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125 {} = eta_min_pdg ! rap cut for other particles (use pdg code).
Applied on particle and anti-particle↪→

126 {} = eta_max_pdg ! rap cut for other particles (syntax e.g. {6:
2.5, 23: 5})↪→

127 #*********************************************************************
128 # Minimum and maximum DeltaR distance *
129 #*********************************************************************
130 0.0 = drjj ! min distance between jets
131 0.0 = drbb ! min distance between b's
132 0.0 = drbj ! min distance between b and jet
133 -1.0 = drjjmax ! max distance between jets
134 -1.0 = drbbmax ! max distance between b's
135 -1.0 = drbjmax ! max distance between b and jet
136 #*********************************************************************
137 # Minimum and maximum invariant mass for pairs *
138 #*********************************************************************
139 0.0 = mmjj ! min invariant mass of a jet pair
140 0.0 = mmbb ! min invariant mass of a b pair
141 -1.0 = mmjjmax ! max invariant mass of a jet pair
142 -1.0 = mmbbmax ! max invariant mass of a b pair
143 {} = mxx_min_pdg ! min invariant mass of a pair of particles X/X~

(e.g. {6:250})↪→

144 {'default': False} = mxx_only_part_antipart ! if True the
invariant mass is applied only↪→

145 ! to pairs of particle/antiparticle and not
to pairs of the same pdg codes.↪→

146 #*********************************************************************
147 # Inclusive cuts *
148 #*********************************************************************
149 0.0 = ptheavy ! minimum pt for at least one heavy final state
150 0.0 = xptj ! minimum pt for at least one jet
151 0.0 = xptb ! minimum pt for at least one b
152 #*********************************************************************
153 # Control the pt's of the jets sorted by pt *
154 #*********************************************************************
155 0.0 = ptj1min ! minimum pt for the leading jet in pt
156 0.0 = ptj2min ! minimum pt for the second jet in pt
157 -1.0 = ptj1max ! maximum pt for the leading jet in pt
158 -1.0 = ptj2max ! maximum pt for the second jet in pt
159 0 = cutuse ! reject event if fails any (0) / all (1) jet pt

cuts↪→

160 #*********************************************************************
161 # Control the Ht(k)=Sum of k leading jets *
162 #*********************************************************************
163 0.0 = htjmin ! minimum jet HT=Sum(jet pt)
164 -1.0 = htjmax ! maximum jet HT=Sum(jet pt)
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165 0.0 = ihtmin !inclusive Ht for all partons (including b)
166 -1.0 = ihtmax !inclusive Ht for all partons (including b)
167 #*********************************************************************
168 # WBF cuts *
169 #*********************************************************************
170 0.0 = xetamin ! minimum rapidity for two jets in the WBF case
171 0.0 = deltaeta ! minimum rapidity for two jets in the WBF case
172 #*********************************************************************
173 # maximal pdg code for quark to be considered as a light jet *
174 # (otherwise b cuts are applied) *
175 #*********************************************************************
176 4 = maxjetflavor ! Maximum jet pdg code
177 #*********************************************************************
178 #
179 #*********************************************************************
180 # Store info for systematics studies *
181 # WARNING: Do not use for interference type of computation *
182 #*********************************************************************
183 False = use_syst ! Enable systematics studies
184 #
185 systematics = systematics_program ! none, systematics [python],

SysCalc [depreceted, C++]↪→

186 ['--mur=0.5,1,2', '--muf=0.5,1,2', '--pdf=errorset',
'--alps=0.5,1,2'] = systematics_arguments ! see:
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Systematics
#Systematicspythonmodule

↪→

↪→

↪→

187 # Syscalc is deprecated but to see the associate options
type'update syscalc'↪→
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Appendix B: MadGraph parameter card for
HNL

1 !Contact: Suchita Kulkarni
2 !email: suchita.kulkarni@cern.ch
3 #************************************************************
4 #* MadGraph5_aMC@NLO *
5 #* *
6 #* * * *
7 #* * * * * *
8 #* * * * * 5 * * * * *
9 #* * * * * *

10 #* * * *
11 #* *
12 #* *
13 #* VERSION 2.7.3 2020-06-21 *
14 #* *
15 #* The MadGraph5_aMC@NLO Development Team - Find us at *
16 #* https://server06.fynu.ucl.ac.be/projects/madgraph *
17 #* *
18 #************************************************************
19 #* *
20 #* Command File for MadGraph5_aMC@NLO *
21 #* *
22 #* run as ./bin/mg5_aMC filename *
23 #* *
24 #************************************************************
25 set default_unset_couplings 99
26 set group_subprocesses Auto
27 set ignore_six_quark_processes False
28 set loop_optimized_output True
29 set loop_color_flows False
30 set gauge unitary
31 set complex_mass_scheme False
32 set max_npoint_for_channel 0
33 import model sm
34 define p = g u c d s u~ c~ d~ s~
35 define j = g u c d s u~ c~ d~ s~
36 define l+ = e+ mu+
37 define l- = e- mu-
38 define vl = ve vm vt
39 define vl~ = ve~ vm~ vt~
40 set automatic_html_opening False
41 import model SM_HeavyN_CKM_AllMasses_LO
42 define e = e+ e-
43 generate e+ e- > ve n1, (n1 > e j j)
44 add process e+ e- > ve~ n1, (n1 > e j j)
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45 output HNL_test
46 launch HNL_test
47 done
48 set mass 9900012 50
49 set mass 9900014 10000
50 set mass 9900016 10000
51 set width 9900012 auto
52 set numixing 1 1.41e-6
53 set lpp1 0
54 set lpp2 0
55 set ebeam1 45
56 set ebeam2 45
57 set time_of_flight 0
58 set automatic_html_opening False
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Appendix C: PYTHIA card for HNL
1 ! Contact: Suchita Kulkarni
2 ! Email: suchita.kulkarni@cern.ch
3 ! 1) Settings used in the main program.
4

5 Main:numberOfEvents = 10000 ! number of events to generate
6 Main:timesAllowErrors = 3 ! how many aborts before run

stops↪→

7

8 ! 2) Settings related to output in init(), next() and stat().
9

10 Init:showChangedSettings = on ! list changed settings
11 Init:showChangedParticleData = off ! list changed particle data
12 Next:numberCount = 100 ! print message every n events
13 Next:numberShowInfo = 1 ! print event information n

times↪→

14 Next:numberShowProcess = 1 ! print process record n times
15 Next:numberShowEvent = 0 ! print event record n times
16

17 ! 3) Set the input LHE file
18

19 Beams:frameType = 4 ! read info from a LHEF
20 Beams:LHEF = @@LHEFILE@@
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Appendix D: DELPHES detector card
1 ####################################################################
2 # FCC-ee IDEA detector model
3 #
4 # Authors: Elisa Fontanesi, Lorenzo Pezzotti, Massimiliano

Antonello, Michele Selvaggi↪→

5 # email: efontane@bo.infn.it,
6 # lorenzo.pezzotti01@universitadipavia.it,
7 # m.antonello@uninsubria.it,
8 # michele.selvaggi@cern.ch
9 #####################################################################

10 #
11 #######################################
12 # Order of execution of various modules
13 #######################################
14

15 set ExecutionPath {
16 ParticlePropagator
17

18 ChargedHadronTrackingEfficiency
19 ElectronTrackingEfficiency
20 MuonTrackingEfficiency
21

22 TrackMergerPre
23 TrackSmearing
24

25 TrackMerger
26 Calorimeter
27 EFlowMerger
28

29 PhotonEfficiency
30 PhotonIsolation
31

32 MuonFilter
33

34 ElectronFilter
35 ElectronEfficiency
36 ElectronIsolation
37

38 MuonEfficiency
39 MuonIsolation
40

41 MissingET
42

43 NeutrinoFilter
44 GenJetFinder
45 GenMissingET

53



46

47 FastJetFinder
48

49 JetEnergyScale
50

51 JetFlavorAssociation
52

53 BTagging
54 TauTagging
55

56 UniqueObjectFinder
57

58 ScalarHT
59 TreeWriter
60 }
61

62

63 #################################
64 # Propagate particles in cylinder
65 #################################
66

67 module ParticlePropagator ParticlePropagator {
68 set InputArray Delphes/stableParticles
69

70 set OutputArray stableParticles
71 set ChargedHadronOutputArray chargedHadrons
72 set ElectronOutputArray electrons
73 set MuonOutputArray muons
74

75 # inner radius of the solenoid, in m
76 set Radius 2.25
77

78 # half-length: z of the solenoid, in m
79 set HalfLength 2.5
80

81 # magnetic field, in T
82 set Bz 2.0
83 }
84

85 ####################################
86 # Charged hadron tracking efficiency
87 ####################################
88

89 module Efficiency ChargedHadronTrackingEfficiency {
90 set InputArray ParticlePropagator/chargedHadrons
91 set OutputArray chargedHadrons
92 # We use only one efficiency, we set only 0 effincency out of

eta bounds:↪→
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93

94 set EfficiencyFormula {
95 (abs(eta) > 3.0) *

(0.000) +↪→

96 (energy >= 0.5) * (abs(eta) <= 3.0) *
(0.997) +↪→

97 (energy < 0.5 && energy >= 0.3) * (abs(eta) <= 3.0) *
(0.65) +↪→

98 (energy < 0.3) * (abs(eta) <= 3.0) *
(0.06)↪→

99 }
100 }
101

102 # (pt <= 0.1) * (0.00) +
103 # (abs(eta) <= 3.0) * (pt > 0.1) * (1.00) +
104 # (abs(eta) > 3) * (0.00)
105

106

107

108 ##############################
109 # Electron tracking efficiency
110 ##############################
111

112 module Efficiency ElectronTrackingEfficiency {
113 set InputArray ParticlePropagator/electrons
114 set OutputArray electrons
115

116

117 # Current full simulation with CLICdet provides for electrons:
118 set EfficiencyFormula {
119 (abs(eta) > 3.0) *

(0.000) +↪→

120 (energy >= 0.5) * (abs(eta) <= 3.0) *
(0.997) +↪→

121 (energy < 0.5 && energy >= 0.3) * (abs(eta) <= 3.0) *
(0.65) +↪→

122 (energy < 0.3) * (abs(eta) <= 3.0) *
(0.06)↪→

123 }
124 }
125

126

127 ##########################
128 # Muon tracking efficiency
129 ##########################
130

131 module Efficiency MuonTrackingEfficiency {
132 set InputArray ParticlePropagator/muons
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133 set OutputArray muons
134

135 # Current full simulation with CLICdet provides for muons:
136 set EfficiencyFormula {
137 (abs(eta) > 3.0) *

(0.000) +↪→

138 (energy >= 0.5) * (abs(eta) <= 3.0) *
(0.997) +↪→

139 (energy < 0.5 && energy >= 0.3) * (abs(eta) <= 3.0) *
(0.65) +↪→

140 (energy < 0.3) * (abs(eta) <= 3.0) *
(0.06)↪→

141 }
142 }
143

144 ##############
145 # Track merger
146 ##############
147

148 module Merger TrackMergerPre {
149 # add InputArray InputArray
150 add InputArray ChargedHadronTrackingEfficiency/chargedHadrons
151 add InputArray ElectronTrackingEfficiency/electrons
152 add InputArray MuonTrackingEfficiency/muons
153 set OutputArray tracks
154 }
155

156

157 ########################################
158 # Smearing for charged tracks
159 ########################################
160

161 module TrackCovariance TrackSmearing {
162 set InputArray TrackMergerPre/tracks
163 set OutputArray tracks
164

165 ## uses https://raw.githubusercontent.com/selvaggi/FastTrack
Covariance/master/GeoIDEA_BASE.txt↪→

166 set DetectorGeometry {
167

168 1 PIPE -100 100 0.015 0.0012 0.35276 0 0 0 0 0 0
169 1 VTXLOW -0.12 0.12 0.017 0.00028 0.0937 2 0 1.5708 3e-006

3e-006 1↪→

170 1 VTXLOW -0.16 0.16 0.023 0.00028 0.0937 2 0 1.5708 3e-006
3e-006 1↪→

171 1 VTXLOW -0.16 0.16 0.031 0.00028 0.0937 2 0 1.5708 3e-006
3e-006 1↪→

172 1 VTXHIGH -1 1 0.32 0.00047 0.0937 2 0 1.5708 7e-006 7e-006 1
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173 1 VTXHIGH -1.05 1.05 0.34 0.00047 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

174 1 DCHCANI -2.125 2.125 0.345 0.0002 0.237223 0 0 0 0 0 0
175 1 DCH -2 2 0.36 0.0147748 1400 1 0.0203738 0 0.0001 0 1
176 1 DCH -2 2 0.374775 0.0147748 1400 1 -0.0212097 0 0.0001 0 1
177 1 DCH -2 2 0.38955 0.0147748 1400 1 0.0220456 0 0.0001 0 1
178 1 DCH -2 2 0.404324 0.0147748 1400 1 -0.0228814 0 0.0001 0 1
179 1 DCH -2 2 0.419099 0.0147748 1400 1 0.0237172 0 0.0001 0 1
180 1 DCH -2 2 0.433874 0.0147748 1400 1 -0.024553 0 0.0001 0 1
181 1 DCH -2 2 0.448649 0.0147748 1400 1 0.0253888 0 0.0001 0 1
182 1 DCH -2 2 0.463423 0.0147748 1400 1 -0.0262245 0 0.0001 0 1
183 1 DCH -2 2 0.478198 0.0147748 1400 1 0.0270602 0 0.0001 0 1
184 1 DCH -2 2 0.492973 0.0147748 1400 1 -0.0278958 0 0.0001 0 1
185 1 DCH -2 2 0.507748 0.0147748 1400 1 0.0287314 0 0.0001 0 1
186 1 DCH -2 2 0.522523 0.0147748 1400 1 -0.029567 0 0.0001 0 1
187 1 DCH -2 2 0.537297 0.0147748 1400 1 0.0304025 0 0.0001 0 1
188 1 DCH -2 2 0.552072 0.0147748 1400 1 -0.031238 0 0.0001 0 1
189 1 DCH -2 2 0.566847 0.0147748 1400 1 0.0320734 0 0.0001 0 1
190 1 DCH -2 2 0.581622 0.0147748 1400 1 -0.0329088 0 0.0001 0 1
191 1 DCH -2 2 0.596396 0.0147748 1400 1 0.0337442 0 0.0001 0 1
192 1 DCH -2 2 0.611171 0.0147748 1400 1 -0.0345795 0 0.0001 0 1
193 1 DCH -2 2 0.625946 0.0147748 1400 1 0.0354147 0 0.0001 0 1
194 1 DCH -2 2 0.640721 0.0147748 1400 1 -0.0362499 0 0.0001 0 1
195 1 DCH -2 2 0.655495 0.0147748 1400 1 0.0370851 0 0.0001 0 1
196 1 DCH -2 2 0.67027 0.0147748 1400 1 -0.0379202 0 0.0001 0 1
197 1 DCH -2 2 0.685045 0.0147748 1400 1 0.0387552 0 0.0001 0 1
198 1 DCH -2 2 0.69982 0.0147748 1400 1 -0.0395902 0 0.0001 0 1
199 1 DCH -2 2 0.714595 0.0147748 1400 1 0.0404252 0 0.0001 0 1
200 1 DCH -2 2 0.729369 0.0147748 1400 1 -0.04126 0 0.0001 0 1
201 1 DCH -2 2 0.744144 0.0147748 1400 1 0.0420949 0 0.0001 0 1
202 1 DCH -2 2 0.758919 0.0147748 1400 1 -0.0429296 0 0.0001 0 1
203 1 DCH -2 2 0.773694 0.0147748 1400 1 0.0437643 0 0.0001 0 1
204 1 DCH -2 2 0.788468 0.0147748 1400 1 -0.044599 0 0.0001 0 1
205 1 DCH -2 2 0.803243 0.0147748 1400 1 0.0454336 0 0.0001 0 1
206 1 DCH -2 2 0.818018 0.0147748 1400 1 -0.0462681 0 0.0001 0 1
207 1 DCH -2 2 0.832793 0.0147748 1400 1 0.0471025 0 0.0001 0 1
208 1 DCH -2 2 0.847568 0.0147748 1400 1 -0.0479369 0 0.0001 0 1
209 1 DCH -2 2 0.862342 0.0147748 1400 1 0.0487713 0 0.0001 0 1
210 1 DCH -2 2 0.877117 0.0147748 1400 1 -0.0496055 0 0.0001 0 1
211 1 DCH -2 2 0.891892 0.0147748 1400 1 0.0504397 0 0.0001 0 1
212 1 DCH -2 2 0.906667 0.0147748 1400 1 -0.0512738 0 0.0001 0 1
213 1 DCH -2 2 0.921441 0.0147748 1400 1 0.0521079 0 0.0001 0 1
214 1 DCH -2 2 0.936216 0.0147748 1400 1 -0.0529418 0 0.0001 0 1
215 1 DCH -2 2 0.950991 0.0147748 1400 1 0.0537757 0 0.0001 0 1
216 1 DCH -2 2 0.965766 0.0147748 1400 1 -0.0546095 0 0.0001 0 1
217 1 DCH -2 2 0.980541 0.0147748 1400 1 0.0554433 0 0.0001 0 1
218 1 DCH -2 2 0.995315 0.0147748 1400 1 -0.056277 0 0.0001 0 1
219 1 DCH -2 2 1.01009 0.0147748 1400 1 0.0571106 0 0.0001 0 1
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220 1 DCH -2 2 1.02486 0.0147748 1400 1 -0.0579441 0 0.0001 0 1
221 1 DCH -2 2 1.03964 0.0147748 1400 1 0.0587775 0 0.0001 0 1
222 1 DCH -2 2 1.05441 0.0147748 1400 1 -0.0596108 0 0.0001 0 1
223 1 DCH -2 2 1.06919 0.0147748 1400 1 0.0604441 0 0.0001 0 1
224 1 DCH -2 2 1.08396 0.0147748 1400 1 -0.0612773 0 0.0001 0 1
225 1 DCH -2 2 1.09874 0.0147748 1400 1 0.0621104 0 0.0001 0 1
226 1 DCH -2 2 1.11351 0.0147748 1400 1 -0.0629434 0 0.0001 0 1
227 1 DCH -2 2 1.12829 0.0147748 1400 1 0.0637763 0 0.0001 0 1
228 1 DCH -2 2 1.14306 0.0147748 1400 1 -0.0646092 0 0.0001 0 1
229 1 DCH -2 2 1.15784 0.0147748 1400 1 0.0654419 0 0.0001 0 1
230 1 DCH -2 2 1.17261 0.0147748 1400 1 -0.0662746 0 0.0001 0 1
231 1 DCH -2 2 1.18739 0.0147748 1400 1 0.0671071 0 0.0001 0 1
232 1 DCH -2 2 1.20216 0.0147748 1400 1 -0.0679396 0 0.0001 0 1
233 1 DCH -2 2 1.21694 0.0147748 1400 1 0.068772 0 0.0001 0 1
234 1 DCH -2 2 1.23171 0.0147748 1400 1 -0.0696042 0 0.0001 0 1
235 1 DCH -2 2 1.24649 0.0147748 1400 1 0.0704364 0 0.0001 0 1
236 1 DCH -2 2 1.26126 0.0147748 1400 1 -0.0712685 0 0.0001 0 1
237 1 DCH -2 2 1.27604 0.0147748 1400 1 0.0721005 0 0.0001 0 1
238 1 DCH -2 2 1.29081 0.0147748 1400 1 -0.0729324 0 0.0001 0 1
239 1 DCH -2 2 1.30559 0.0147748 1400 1 0.0737642 0 0.0001 0 1
240 1 DCH -2 2 1.32036 0.0147748 1400 1 -0.0745958 0 0.0001 0 1
241 1 DCH -2 2 1.33514 0.0147748 1400 1 0.0754274 0 0.0001 0 1
242 1 DCH -2 2 1.34991 0.0147748 1400 1 -0.0762589 0 0.0001 0 1
243 1 DCH -2 2 1.36468 0.0147748 1400 1 0.0770903 0 0.0001 0 1
244 1 DCH -2 2 1.37946 0.0147748 1400 1 -0.0779215 0 0.0001 0 1
245 1 DCH -2 2 1.39423 0.0147748 1400 1 0.0787527 0 0.0001 0 1
246 1 DCH -2 2 1.40901 0.0147748 1400 1 -0.0795837 0 0.0001 0 1
247 1 DCH -2 2 1.42378 0.0147748 1400 1 0.0804147 0 0.0001 0 1
248 1 DCH -2 2 1.43856 0.0147748 1400 1 -0.0812455 0 0.0001 0 1
249 1 DCH -2 2 1.45333 0.0147748 1400 1 0.0820762 0 0.0001 0 1
250 1 DCH -2 2 1.46811 0.0147748 1400 1 -0.0829068 0 0.0001 0 1
251 1 DCH -2 2 1.48288 0.0147748 1400 1 0.0837373 0 0.0001 0 1
252 1 DCH -2 2 1.49766 0.0147748 1400 1 -0.0845677 0 0.0001 0 1
253 1 DCH -2 2 1.51243 0.0147748 1400 1 0.0853979 0 0.0001 0 1
254 1 DCH -2 2 1.52721 0.0147748 1400 1 -0.086228 0 0.0001 0 1
255 1 DCH -2 2 1.54198 0.0147748 1400 1 0.087058 0 0.0001 0 1
256 1 DCH -2 2 1.55676 0.0147748 1400 1 -0.0878879 0 0.0001 0 1
257 1 DCH -2 2 1.57153 0.0147748 1400 1 0.0887177 0 0.0001 0 1
258 1 DCH -2 2 1.58631 0.0147748 1400 1 -0.0895474 0 0.0001 0 1
259 1 DCH -2 2 1.60108 0.0147748 1400 1 0.0903769 0 0.0001 0 1
260 1 DCH -2 2 1.61586 0.0147748 1400 1 -0.0912063 0 0.0001 0 1
261 1 DCH -2 2 1.63063 0.0147748 1400 1 0.0920356 0 0.0001 0 1
262 1 DCH -2 2 1.64541 0.0147748 1400 1 -0.0928647 0 0.0001 0 1
263 1 DCH -2 2 1.66018 0.0147748 1400 1 0.0936937 0 0.0001 0 1
264 1 DCH -2 2 1.67495 0.0147748 1400 1 -0.0945226 0 0.0001 0 1
265 1 DCH -2 2 1.68973 0.0147748 1400 1 0.0953514 0 0.0001 0 1
266 1 DCH -2 2 1.7045 0.0147748 1400 1 -0.09618 0 0.0001 0 1
267 1 DCH -2 2 1.71928 0.0147748 1400 1 0.0970085 0 0.0001 0 1
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268 1 DCH -2 2 1.73405 0.0147748 1400 1 -0.0978369 0 0.0001 0 1
269 1 DCH -2 2 1.74883 0.0147748 1400 1 0.0986651 0 0.0001 0 1
270 1 DCH -2 2 1.7636 0.0147748 1400 1 -0.0994932 0 0.0001 0 1
271 1 DCH -2 2 1.77838 0.0147748 1400 1 0.100321 0 0.0001 0 1
272 1 DCH -2 2 1.79315 0.0147748 1400 1 -0.101149 0 0.0001 0 1
273 1 DCH -2 2 1.80793 0.0147748 1400 1 0.101977 0 0.0001 0 1
274 1 DCH -2 2 1.8227 0.0147748 1400 1 -0.102804 0 0.0001 0 1
275 1 DCH -2 2 1.83748 0.0147748 1400 1 0.103632 0 0.0001 0 1
276 1 DCH -2 2 1.85225 0.0147748 1400 1 -0.104459 0 0.0001 0 1
277 1 DCH -2 2 1.86703 0.0147748 1400 1 0.105286 0 0.0001 0 1
278 1 DCH -2 2 1.8818 0.0147748 1400 1 -0.106113 0 0.0001 0 1
279 1 DCH -2 2 1.89658 0.0147748 1400 1 0.10694 0 0.0001 0 1
280 1 DCH -2 2 1.91135 0.0147748 1400 1 -0.107766 0 0.0001 0 1
281 1 DCH -2 2 1.92613 0.0147748 1400 1 0.108593 0 0.0001 0 1
282 1 DCH -2 2 1.9409 0.0147748 1400 1 -0.109419 0 0.0001 0 1
283 1 DCH -2 2 1.95568 0.0147748 1400 1 0.110246 0 0.0001 0 1
284 1 DCH -2 2 1.97045 0.0147748 1400 1 -0.111072 0 0.0001 0 1
285 1 DCH -2 2 1.98523 0.0147748 1400 1 0.111898 0 0.0001 0 1
286 1 DCH -2 2 2 0.0147748 1400 1 -0.112723 0 0.0001 0 1
287 1 DCHCANO -2.125 2.125 2.02 0.02 1.667 0 0 0 0 0 0
288 1 BSILWRP -2.35 2.35 2.04 0.00047 0.0937 2 0 1.5708 7e-006

9e-005 1↪→

289 1 BSILWRP -2.35 2.35 2.06 0.00047 0.0937 2 0 1.5708 7e-006
9e-005 1↪→

290 1 MAG -2.5 2.5 2.25 0.05 0.0658 0 0 0 0 0 0
291 1 BPRESH -2.55 2.55 2.45 0.02 1 2 0 1.5708 7e-005 0.01 1
292 2 VTXDSK 0.141 0.3 -0.92 0.00028 0.0937 2 0 1.5708 7e-006

7e-006 1↪→

293 2 VTXDSK 0.138 0.3 -0.9 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

294 2 VTXDSK 0.065 0.3 -0.42 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

295 2 VTXDSK 0.062 0.3 -0.4 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

296 2 VTXDSK 0.062 0.3 0.4 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

297 2 VTXDSK 0.065 0.3 0.42 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

298 2 VTXDSK 0.138 0.3 0.9 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

299 2 VTXDSK 0.141 0.3 0.92 0.00028 0.0937 2 0 1.5708 7e-006
7e-006 1↪→

300 2 DCHWALL 0.345 2.02 2.125 0.25 5.55 0 0 0 0 0 0
301 2 DCHWALL 0.345 2.02 -2.125 0.25 5.55 0 0 0 0 0 0
302 2 FSILWRP 0.354 2.02 -2.32 0.00047 0.0937 2 0 1.5708 7e-006

9e-005 1↪→

303 2 FSILWRP 0.35 2.02 -2.3 0.00047 0.0937 2 0 1.5708 7e-006
9e-005 1↪→
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304 2 FSILWRP 0.35 2.02 2.3 0.00047 0.0937 2 0 1.5708 7e-006
9e-005 1↪→

305 2 FSILWRP 0.354 2.02 2.32 0.00047 0.0937 2 0 1.5708 7e-006
9e-005 1↪→

306 2 FRAD 0.38 2.09 2.49 0.0043 0.005612 0 0 0 0 0 0
307 2 FRAD 0.38 2.09 -2.49 0.0043 0.005612 0 0 0 0 0 0
308 2 FPRESH 0.39 2.43 -2.55 0.02 1 2 0 1.5708 7e-005 0.01 1
309 2 FPRESH 0.39 2.43 2.55 0.02 1 2 0 1.5708 7e-005 0.01 1
310 }
311

312 set Bz 2.0
313 }
314

315

316 ##############
317 # Track merger
318 ##############
319

320 module Merger TrackMerger {
321 # add InputArray InputArray
322 add InputArray TrackSmearing/tracks
323 set OutputArray tracks
324 }
325

326

327 #############
328 # Calorimeter
329 #############
330 module DualReadoutCalorimeter Calorimeter {
331 set ParticleInputArray ParticlePropagator/stableParticles
332 set TrackInputArray TrackMerger/tracks
333

334 set TowerOutputArray towers
335 set PhotonOutputArray photons
336

337 set EFlowTrackOutputArray eflowTracks
338 set EFlowPhotonOutputArray eflowPhotons
339 set EFlowNeutralHadronOutputArray eflowNeutralHadrons
340

341 set ECalEnergyMin 0.5
342 set HCalEnergyMin 0.5
343 set EnergyMin 0.5
344 set ECalEnergySignificanceMin 1.0
345 set HCalEnergySignificanceMin 1.0
346 set EnergySignificanceMin 1.0
347

348 set SmearTowerCenter true
349 set pi [expr {acos(-1)}]
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350

351 # Lists of the edges of each tower in eta and phi;
352 # each list starts with the lower edge of the first tower;
353 # the list ends with the higher edged of the last tower.
354 # Barrel: deta=0.02 towers up to |eta| <= 0.88 ( up to 45°)
355 # Endcaps: deta=0.02 towers up to |eta| <= 3.0 (8.6° = 100

mrad)↪→

356 # Cell size: about 6 cm x 6 cm
357

358 #barrel:
359 set PhiBins {}
360 for {set i -120} {$i <= 120} {incr i} {
361 add PhiBins [expr {$i * $pi/120}]
362 }
363 #deta=0.02 units for |eta| <= 0.88
364 for {set i -44} {$i < 45} {incr i} {
365 set eta [expr {$i * 0.02}]
366 add EtaPhiBins $eta $PhiBins
367 }
368

369 #endcaps:
370 set PhiBins {}
371 for {set i -120} {$i <= 120} {incr i} {
372 add PhiBins [expr {$i* $pi/120}]
373 }
374 #deta=0.02 units for 0.88 < |eta| <= 3.0
375 #first, from -3.0 to -0.88
376 for {set i 1} {$i <=106} {incr i} {
377 set eta [expr {-3.00 + $i * 0.02}]
378 add EtaPhiBins $eta $PhiBins
379 }
380 #same for 0.88 to 3.0
381 for {set i 1} {$i <=106} {incr i} {
382 set eta [expr {0.88 + $i * 0.02}]
383 add EtaPhiBins $eta $PhiBins
384 }
385

386 # default energy fractions {abs(PDG code)} {Fecal Fhcal}
387 add EnergyFraction {0} {0.0 1.0}
388 # energy fractions for e, gamma and pi0
389 add EnergyFraction {11} {1.0 0.0}
390 add EnergyFraction {22} {1.0 0.0}
391 add EnergyFraction {111} {1.0 0.0}
392 # energy fractions for muon, neutrinos and neutralinos
393 add EnergyFraction {12} {0.0 0.0}
394 add EnergyFraction {13} {0.0 0.0}
395 add EnergyFraction {14} {0.0 0.0}
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396 add EnergyFraction {16} {0.0 0.0}
397 add EnergyFraction {1000022} {0.0 0.0}
398 add EnergyFraction {1000023} {0.0 0.0}
399 add EnergyFraction {1000025} {0.0 0.0}
400 add EnergyFraction {1000035} {0.0 0.0}
401 add EnergyFraction {1000045} {0.0 0.0}
402 # energy fractions for K0short and Lambda
403 add EnergyFraction {310} {0.3 0.7}
404 add EnergyFraction {3122} {0.3 0.7}
405

406

407 # set ECalResolutionFormula {resolution formula as a function
of eta and energy}↪→

408 set ECalResolutionFormula {
409 (abs(eta) <= 0.88 ) * sqrt(energy^2*0.01^2

+ energy*0.11^2)+↪→

410 (abs(eta) > 0.88 && abs(eta) <= 3.0) * sqrt(energy^2*0.01^2
+ energy*0.11^2)↪→

411 }
412

413 # set HCalResolutionFormula {resolution formula as a function
of eta and energy}↪→

414 set HCalResolutionFormula {
415 (abs(eta) <= 0.88 ) * sqrt(energy^2*0.01^2

+ energy*0.30^2)+↪→

416 (abs(eta) > 0.88 && abs(eta) <= 3.0) * sqrt(energy^2*0.01^2
+ energy*0.30^2)↪→

417 }
418 }
419

420 ####################
421 # Energy flow merger
422 ####################
423

424 module Merger EFlowMerger {
425 # add InputArray InputArray
426 add InputArray Calorimeter/eflowTracks
427 add InputArray Calorimeter/eflowPhotons
428 add InputArray Calorimeter/eflowNeutralHadrons
429 set OutputArray eflow
430 }
431

432 ###################
433 # Photon efficiency
434 ###################
435

436 module Efficiency PhotonEfficiency {
437 set InputArray Calorimeter/eflowPhotons
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438 set OutputArray photons
439

440 # set EfficiencyFormula {efficiency formula as a function of eta
and pt}↪→

441 # efficiency formula for photons
442 set EfficiencyFormula {
443 (energy < 2.0) *

(0.000)+↪→

444 (energy >= 2.0) * (abs(eta) <= 0.88) *
(0.99) +↪→

445 (energy >= 2.0) * (abs(eta) >0.88 && abs(eta) <= 3.0) *
(0.99) +↪→

446 (abs(eta) > 3.0) *
(0.000)↪→

447 }
448 }
449

450 ##################
451 # Photon isolation
452 ##################
453

454 module Isolation PhotonIsolation {
455 set CandidateInputArray PhotonEfficiency/photons
456 set IsolationInputArray EFlowMerger/eflow
457

458 set OutputArray photons
459

460 set DeltaRMax 0.5
461

462 set PTMin 0.5
463

464 set PTRatioMax 999.
465 }
466

467 #################
468 # Electron filter
469 #################
470

471 module PdgCodeFilter ElectronFilter {
472 set InputArray Calorimeter/eflowTracks
473 set OutputArray electrons
474 set Invert true
475 add PdgCode {11}
476 add PdgCode {-11}
477 }
478

479 #################
480 # Muon filter
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481 #################
482

483 module PdgCodeFilter MuonFilter {
484 set InputArray Calorimeter/eflowTracks
485 set OutputArray muons
486 set Invert true
487 add PdgCode {13}
488 add PdgCode {-13}
489 }
490

491

492 #####################
493 # Electron efficiency
494 #####################
495

496 module Efficiency ElectronEfficiency {
497 set InputArray ElectronFilter/electrons
498 set OutputArray electrons
499

500 # set EfficiencyFormula {efficiency formula as a function of eta
and pt}↪→

501

502 # efficiency formula for electrons
503 set EfficiencyFormula {
504 (energy < 2.0) *

(0.000)+↪→

505 (energy >= 2.0) * (abs(eta) <= 0.88) *
(0.99) +↪→

506 (energy >= 2.0) * (abs(eta) >0.88 && abs(eta) <= 3.0) *
(0.99) +↪→

507 (abs(eta) > 3.0) *
(0.000)↪→

508 }
509 }
510

511 ####################
512 # Electron isolation
513 ####################
514

515 module Isolation ElectronIsolation {
516 set CandidateInputArray ElectronEfficiency/electrons
517 set IsolationInputArray EFlowMerger/eflow
518

519 set OutputArray electrons
520

521 set DeltaRMax 0.5
522

523 set PTMin 0.5
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524

525 set PTRatioMax 0.12
526 }
527

528 #################
529 # Muon efficiency
530 #################
531

532 module Efficiency MuonEfficiency {
533 set InputArray MuonFilter/muons
534 set OutputArray muons
535

536 # set EfficiencyFormula {efficiency as a function of eta and pt}
537

538 # efficiency formula for muons
539 set EfficiencyFormula {
540 (energy < 2.0) *

(0.000)+↪→

541 (energy >= 2.0) * (abs(eta) <= 0.88) *
(0.99) +↪→

542 (energy >= 2.0) * (abs(eta) >0.88 && abs(eta) <= 3.0) *
(0.99) +↪→

543 (abs(eta) > 3.0) *
(0.000)↪→

544 }
545 }
546

547 ################
548 # Muon isolation
549 ################
550

551 module Isolation MuonIsolation {
552 set CandidateInputArray MuonEfficiency/muons
553 set IsolationInputArray EFlowMerger/eflow
554

555 set OutputArray muons
556

557 set DeltaRMax 0.5
558

559 set PTMin 0.5
560

561 set PTRatioMax 0.25
562 }
563

564 ###################
565 # Missing ET merger
566 ###################
567
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568 module Merger MissingET {
569 # add InputArray InputArray
570 add InputArray EFlowMerger/eflow
571 set MomentumOutputArray momentum
572 }
573

574 ##################
575 # Scalar HT merger
576 ##################
577

578 module Merger ScalarHT {
579 # add InputArray InputArray
580 add InputArray UniqueObjectFinder/jets
581 add InputArray UniqueObjectFinder/electrons
582 add InputArray UniqueObjectFinder/photons
583 add InputArray UniqueObjectFinder/muons
584 set EnergyOutputArray energy
585 }
586

587 #####################
588 # Neutrino Filter
589 #####################
590

591 module PdgCodeFilter NeutrinoFilter {
592

593 set InputArray Delphes/stableParticles
594 set OutputArray filteredParticles
595

596 set PTMin 0.0
597

598 add PdgCode {12}
599 add PdgCode {14}
600 add PdgCode {16}
601 add PdgCode {-12}
602 add PdgCode {-14}
603 add PdgCode {-16}
604 }
605

606

607 #####################
608 # MC truth jet finder
609 #####################
610

611 module FastJetFinder GenJetFinder {
612 set InputArray NeutrinoFilter/filteredParticles
613

614 set OutputArray jets
615
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616 # algorithm: 1 CDFJetClu, 2 MidPoint, 3 SIScone, 4 kt, 5
Cambridge/Aachen, 6 antikt↪→

617 set JetAlgorithm 6
618 set ParameterR 0.4
619 set JetPTMin 1.0
620 }
621

622

623 #########################
624 # Gen Missing ET merger
625 ########################
626

627 module Merger GenMissingET {
628 # add InputArray InputArray
629 add InputArray NeutrinoFilter/filteredParticles
630 set MomentumOutputArray momentum
631 }
632

633 ############
634 # Jet finder
635 ############
636

637 module FastJetFinder FastJetFinder {
638 # set InputArray Calorimeter/towers
639 set InputArray EFlowMerger/eflow
640

641 set OutputArray jets
642

643 # algorithm: 1 CDFJetClu, 2 MidPoint, 3 SIScone, 4 kt, 5
Cambridge/Aachen, 6 antikt↪→

644 set JetAlgorithm 6
645 set ParameterR 0.4
646 set JetPTMin 1.0
647 }
648

649 ##################
650 # Jet Energy Scale
651 ##################
652

653 module EnergyScale JetEnergyScale {
654 set InputArray FastJetFinder/jets
655 set OutputArray jets
656

657 # scale formula for jets
658 set ScaleFormula {1.08}
659 }
660

661 ########################
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662 # Jet Flavor Association
663 ########################
664

665 module JetFlavorAssociation JetFlavorAssociation {
666

667 set PartonInputArray Delphes/partons
668 set ParticleInputArray Delphes/allParticles
669 set ParticleLHEFInputArray Delphes/allParticlesLHEF
670 set JetInputArray JetEnergyScale/jets
671

672 set DeltaR 0.5
673 set PartonPTMin 1.0
674 set PartonEtaMax 3.0
675 }
676

677 ###########
678 # b-tagging
679 ###########
680

681 module BTagging BTagging {
682 set JetInputArray JetEnergyScale/jets
683

684 set BitNumber 0
685

686 # add EfficiencyFormula {abs(PDG code)} {efficiency formula as a
function of eta and pt}↪→

687

688 # default efficiency formula (misidentification rate)
689 add EfficiencyFormula {0} {0.01}
690

691 # efficiency formula for c-jets (misidentification rate)
692 add EfficiencyFormula {4} {0.10}
693

694 # efficiency formula for b-jets
695 add EfficiencyFormula {5} {0.80}
696 }
697

698 #############
699 # tau-tagging
700 #############
701

702 module TauTagging TauTagging {
703 set ParticleInputArray Delphes/allParticles
704 set PartonInputArray Delphes/partons
705 set JetInputArray JetEnergyScale/jets
706

707 set DeltaR 0.5
708 set TauPTMin 1.0
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709 set TauEtaMax 3.0
710

711 # default efficiency formula (misidentification rate)
712 add EfficiencyFormula {0} {0.001}
713 # efficiency formula for tau-jets
714 add EfficiencyFormula {15} {0.6}
715 }
716

717

718 #####################################################
719 # Find uniquely identified photons/electrons/tau/jets
720 #####################################################
721

722 module UniqueObjectFinder UniqueObjectFinder {
723 # earlier arrays take precedence over later ones
724 # add InputArray InputArray OutputArray
725 add InputArray PhotonIsolation/photons photons
726 add InputArray ElectronIsolation/electrons electrons
727 add InputArray MuonIsolation/muons muons
728 add InputArray JetEnergyScale/jets jets
729 }
730

731

732

733 ##################
734 # ROOT tree writer
735 ##################
736

737 # Tracks, towers and eflow objects are not stored by default in the
output.↪→

738 # If needed (for jet constituent or other studies), uncomment the
relevant↪→

739 # "add Branch ..." lines.
740

741 module TreeWriter TreeWriter {
742 # add Branch InputArray BranchName BranchClass
743

744 add Branch Delphes/allParticles Particle GenParticle
745

746 add Branch TrackMerger/tracks Track Track
747 add Branch Calorimeter/towers Tower Tower
748

749 add Branch Calorimeter/eflowTracks EFlowTrack Track
750 add Branch Calorimeter/eflowPhotons EFlowPhoton Tower
751 add Branch Calorimeter/eflowNeutralHadrons EFlowNeutralHadron

Tower↪→

752

753 add Branch Calorimeter/photons CaloPhoton Photon
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754 add Branch PhotonEfficiency/photons PhotonEff Photon
755 add Branch PhotonIsolation/photons PhotonIso Photon
756

757 add Branch GenJetFinder/jets GenJet Jet
758 add Branch GenMissingET/momentum GenMissingET MissingET
759

760 add Branch UniqueObjectFinder/jets Jet Jet
761 add Branch UniqueObjectFinder/electrons Electron Electron
762 add Branch UniqueObjectFinder/photons Photon Photon
763 add Branch UniqueObjectFinder/muons Muon Muon
764

765 add Branch JetEnergyScale/jets AntiKtJet Jet
766

767 add Branch MissingET/momentum MissingET MissingET
768 add Branch ScalarHT/energy ScalarHT ScalarHT
769 }
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