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Abstract

We study the phenomenology of a U(1)p_;, extension of the Standard Model (SM) pre-
dicting long-lived heavy neutral leptons (HNLs), which are pair produced from a new gauge
boson Z’ with displaced vertex signatures at the electron positron mode of the Future Cir-
cular Collider (FCC-ee). Progress on sensitivity prospects are provided in the 1-100GeV
mass scale for the B-L gauge coupling ¢’ = 1073 and 10, and HNL-light neutrino mixing
|V.n]? = 1078 — 107%, a region that has not been constrained by the Large Hadron Col-
lider (LHC). Exclusion curves are obtained for a configuration of the IDEA detector with
and without a LAYCAST-like far detector on the HNL vs Z’ mass plane (My — M) and the

HNL mass vs heavy-light squared neutrino mixing plane (My — |V,,n|?).
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Chapter 1

Introduction

1.1 The Standard Model and it’s shortcomings

The Standard Model (SM) of particle physics is a quantum field theory that predicts
the existence of fermionic elementary particles that can interact with each other. These
particles compose a part of the mass content of the universe'. The model also predicts
that the interactions between them are mediated by bosonic elementary particles and are
identified as the carriers for three of the four forces of nature: electromagnetic, strong and
weak forces. The fermionic particles are divided in two groups, the leptons and quarks, and
they exist in three generations with different masses and names. In the SM, particles get a
mass through the only scalar boson of the theory, the Higgs boson, whose associated field,
with which particles interact, acquires a expectation value in vacuum, v, spontaneously
breaking the Electro-Weak (EW) symmetry.

The fact that the SM is a quantum field theory means that particles can be described by

fields in a Lagrangian, and that such fields are quantized. The different sectors of the theory

! Actually, the particles of the SM, so-called barionic matter, is known to compose only 5% of the mass-
energy of the universe, the other 68% and 27% corresponding to the dark energy and dark matter of the
universe, respectively [1].



correspond to each type of interaction and have qualities that are dictated by different gauge
symmetries. The full gauge symmetry of the model correspond to the U(1)y x SU(2). X
SU(3)c group, which conserves three corresponding gauge charges: the hypercharge Y,
the third component of isospin, 75, and the color charge, C'. Another relevant theoretical
property is that the Standard Model is also a renormalizable quantum field theory. This
means that any divergence resulting from the calculations of physical quantities within the
framework can be absorbed into a redefinition of a finite set of free parameters (e.g., masses,
couplings, and field normalizations). As a result, the theory yields finite predictions for ob-
servable quantities. After the theory is renormalized, the parameters of the model become
dependent on the energy scale according to the renormalization group evolution. A com-
plete theoretical insight on renormalizable quantum field theories is provided in reference
[2].

The gauge group corresponding to the EW symmetry is U(1)y x SU(2), and the full

covariant derivative of the SM is
D, =0y +1igsTG), +igTuW; +igiY By, (1.1)

where g; and g and ¢, are the SU(3), SU(2) and U(1) gauge couplings, respectively. Y,
the hypercharge, is defined as Y = () — T3, the electric charge minus the third component
of the weak isospin, T, = 0,/2 and T, = \,/2 are the generators of the SU(2) and SU(3)
groups, written in terms of the Pauli and Gell-Mann matrices respectively.

After EW symmetry breaking by the the VEV of the Higgs doublet,

(i) = — (12)

the kinetic terms in the Lagrangian, (D, H)" (D*H), result in two massive I bosons, W



and W, which are a combination of the gauge fields W/ and W. In the same scalar
kinetic terms, the neutral component of the SU(2) field, W', mixes with the gauge field
corresponding to the U(1) symmetry, B,, forming the mass eigen states Z,, and A, and

diagonalizing the mass matrix as
vl A Z, (1.3)
i 0 g +g” |\

1
ma=0 and my= év\/g\%v—i—ga (1.4)

for the photon and the Z boson respectively.

which results in

The fermions in the Standard Model also gain a mass through EW symmetry breaking.
This occurs by introducing terms in the Lagrangian where the scalar field interacts with
the fermions, known as Yukawa interactions. These terms are invariant under the U(1)y X

SU(2)r, symmetry group, and for leptons, they are expressed as

EY D) —yﬁzlLeRﬁ. (15)

In this equation, [, is a SU(2) doublet with left-handed chirality (LH) and e isa SU(2)
singlet with right-handed chirality (RH). The generation index j was fixed at 1 and therefore
the RH field corresponds to a RH electron. See Table (1.1) for the complete field content of
the model.

It’s important to note that this model does not predict the value of the masses for each
particle, instead, they are free parameters that have been measured by a variety of experi-
ments. Some of these include the Stanford Linear Accelerator Center (SLAC), the Tevatron
at Fermilab, the Large Electron-Positron Collider (LEP), the Large Hadron Collider (LHC)

and others. These experiments measured most of the known masses, and we highlight the



Higgs mass, 125.1 GeV, or the Z boson mass, 91.1 GeV, which are significantly larger com-
pared the the muon mass of 0.101 GeV, see [3-6] for a reference to each experiment and the

respective measurements.

Fields | Field Content | SU(3)¢ | SU(2), | U(1)y
9 9 8 1 0
Wre Wﬁ 1 3 0
B* B 1 1 0
Ny,
L; L;= 1 2 1/2
er,
., er, 1 1 1
ur,
o " 3 2 1/6
dy,
e up, 3 1 1/3
ug, UR, 3 1 -1/3
o+
H 1 2 -1/2
HO

Table 1.1: Standard Model of particle physics. ¢ = 1, ..., 3 are generation indices,a = 1, ..., 3

for W and o = 1, ..., 8 for the gluons are the group generator indices.

There are many reasons why the SM cannot be considered complete. One of it is main
problems relates to the mass of one of the lepton particles, the neutrino. By construction, no
mass term is included for neutrinos in the formulation of the model. This was well accepted
by experimental data, since they are interpreted as missing energy in collider experiments.
Another reason why a Dirac mass term analogous to those of other fermions in the Yukawa
terms in equation (1.5) wasn’t motivated for neutrinos is that neutrinos of right handed

chirality have never been measured experimentally, therefore in the SM neutrinos are only

4



left handed fields.

Years of collaborative efforts passed, and finally the experimental confirmation of neu-
trino oscillations in 1998 was able to explain the solar [7] [8] [9], atmospheric [10] and
reactor neutrino anomalies [11], stating that neutrinos could oscillate from a flavor to an-
other with a probability that is proportional to the squared mass difference between them.
Therefore, neutrinos must have a mass term and the Standard Model must be extended to
account for it. In the present day, it is known that neutrinos manifest as missing energy in
experiments because they have an extremely small mass, making them effectively invisible
to detection in particle detectors.

In this work we motivate neutrino masses via the Seesaw type I model [12] through the
mixing of SM neutrinos with heavy Majorana neutrinos, so-called Heavy Neutral Leptons
(HNLs). These are often called "right-handed" neutrinos due to their chirality, and in Seesaw
type I they are required to be at least around two orders of magnitude bigger than the
SM neutrino mass, which is estimated to be 1eV[13], to account for it is smallness. In
this work, however, we perform an analysis without taking neutrino oscillation data into
consideration, because light and heavy neutrino masses are decoupled, thus the HNL mass
is scanned as a free parameter with the purpose of characterizing a displaced signal for

HNLs in the GeV scale.

1.2 Long-lived particles and Heavy Neutral Leptons

In the Standard Model, the particles lifetimes range from very promptly decaying par-
ticles like the Z boson or the top quark (7 ~ 1072 s) to stable particles like the electron,
the proton or the neutrinos. These last are examples of Standard Model long lived particles
(LLPs), and their stability is, in some cases, due to the absence of decay modes within the

Standard Model framework because of conserved or approximately conserved symmetries.



LLPs do not have to be fully stable particles, though, and in general they are classified as
such by the signatures they can leave in particle detectors. A very relevant sign of a LLP is a
trace that begins further away from the mother particle (the LLP) production point, leaving
a signature called a displaced vertex (DV). Such displacement, i.e the decay length of the
LLP, can be macroscopically detected starting on around the mm scale [14].

LLPs are a compelling feature of many Beyond the Standard Model (BSM) theories that
aim to address some of the most fundamental questions in particle physics, such as the na-
ture of dark matter, the hierarchy problem, baryogenesis and, as a motivation for this work,
the nature of neutrino masses [15]. The existence of LLPs represents a paradigm shift in
the search for new physics, extending traditional methodologies to encompass phenomena
with intrinsically diverse temporal and spatial scales. If the lifetimes of the SM particles
span numerous orders of magnitude, our experiments should search accordingly for BSM
physics.

The reason why particle lifetimes can be long is because they may interact weakly with
the Standard Model particles, or their decay processes can be suppressed due to limited
phase space availability. Prominent searches for BSM LLPs in recent decades have included
the charginos in supersymmetric models [16][17] and HNLs in Seesaw mechanism models
[18], which will be the focus of our work. HNLs are great LLP candidates because they can
couple feebly to the SM and because their decay can be mediated by an off-shell W boson,
which suppresses the decay channel and leads to a small decay width bellow 107'% GeV,
resulting in a long lived HNL.

HNLs can be included through models like the minimal HNL model [12], where the SM
gauge group is unchanged and the Seesaw mechanism include three HNLs. A more extended
model is the U(1)x, where X is a general quantum number associated with a new U(1) x
gauge symmetry. In the case studied here, this quantum number is given by X = B — L,

baryon minus lepton number, thus it is a particular case called the "B-L model" [19]. A more



general quantum number like X allows for bigger production rates [20][21], but the B-L
model can be advantageous when connecting to experimental data, since it is simpler in the
assignment of quantum numbers. The B-L extension of the SM contains, besides the right
handed HNLs, a new gauge boson Z’ and a new scalar field x, which breaks the U(1)p_7,
symmetry and give masses to HNLs, along with the physical gauge bosons, Z’ and Z, after

EW symmetry breaking. Also, as mentioned above, the HNL can decay to SM particles

through the heavy-light neutrino mixing matrix |V;x|, where N is the HNL and ¢ = e, i or
7, for the lepton generations.

Since the experimental discovery of the Higgs boson [3], no new elementary particle
has been found in any collider experiment around the world. This has lead the community
to wonder wether the searches done to this point have been enough at covering the whole
range of hypotetical particles and how could experiments improve to detect them. Particu-
larly, the study of particles that do not decay promptly has raised a lot of attention in recent
years, not only because most LHC experiments are not built to detect anything beyond the
O(10) m, but because long lived particles that still decay in the tracker of a detector like

CMS or ATLAS could produce a DV that the hardware and data processing is not always

properly optimized for detecting [14].

1.3 The B-L model at the FCC-ee

We will work on the so-called "pure” or "minimal" B-L, where tree level mixing with SM
gauge bosons is null at the EW scale, and we will consider a simplified model with only
one HNL, Ny, which will only mix with muon type neutrinos through the mixing matrix
|V.n|. Since our model is provided with an extra U(1) gauge symmetry, it allows for a
new production channel of two HNLs through the Z’ boson. Models like this one can test

the limitations of collaborations such as the LHC, as HNLs are allowed to interact very



weakly with SM particles and very high-precision measurements may be required to detect
such signals. This is why we focus our analysis on the high-luminosity CERN proposal, the
Future Circular Collider at electron positron mode (FCC-ee). Overall, this thesis motivates
the search for long lived particles at a project that aims to look for BSM physics beyond the

LHC reach.

Figure 1.1: Map of the proposed location for the Future Circular Collider, [22]

In 2013, The European Strategy for Particle Physics (ESPP) stated that "To stay at the
forefront of particle physics, Europe needs to be in a position to propose an ambitious post-
LHC accelerator project at CERN by the time of the next Strategy update" [23]. Along with
that, the scientific potential of a new electron-positron collider was highlighted as necessary
to study the Higgs sector, among others, with high precision. The Future Circular Collider
is the resulting proposal by CERN, and in 2020 it was highlighted as of primary importance

by the ESPP again, in the 2020 update [24]. The FCC-ee is to be located on the French-Swiss



border as an extension of the existing CERN infrastructure, see Figure (1.1), and it will be on
feasibility studies until 2025. A key part of this process involves collaborations conducting
BSM prospect studies like the one in this thesis. We propose a search for the experiment
to test an unconstrained region of the B-L parameter space, which is particularly relevant
because it predicts long-lived HNLs and, of course, it could be a step forward to solve the
neutrino mass problem. By performing these analyses, it becomes possible to predict which

BSM models can the collider put to test.

FCC-ee luminosity at the Z pole

150

100

clab™1)

50 -

Yealr 0 Yealr 1 Yealr 2 Yeér 3 Yealr 4

Figure 1.2: Luminosities at the Z pole at the FCC-ee. [25]

This collider is proposed to run at electron-positron mode (FCC-ee) and aims to cover
up to 70TeV in center of mass energy (1/s). Although not explored in this work, FCC aims
to reach up to 100 TeV energy scale on it is hadron-hadron mode. The proposal consists of

a 100km circumference double ring collider that is planned to run in four stages (1/s,years):

Z pole (91 GeV, 4 y)— WW threshold (161 GeV, 2 y)— Higgs factory (240 GeV, 3 y)

— shutdown (1 y) — top pair threshold, (340-365GeV, 5 y)

Overall, FCC-ee would look thoroughly into the EW and Higgs sector, since it’s expected
to reach 10° times the luminosity reached by LEP at the Z pole, generating unprecedented
sensitivities producing up to 10'? Z bosons [25], see also Figure (1.2). As for the detectors
at the FCC-ee, the main proposals made by the FCC collaboration includes two detectors
so far, CLD and IDEA. The last one, which will be our focus, is a cylindrical prompt detec-

tor planned as a cost-effective instrument with a dual-readout calorimeter. A more recent



prompt detector proposal is ALLEGRO (A Lepton collider Experiment with Granular Read-
Out) [26], which up until now proposes relevant calorimeter intrinsic energy resolution.

Proposals for improving the search for LLPs include detectors that collect data far from
the interaction point (IP), known as far detectors. It is necessary to clarify that, as for
now, FCC-ee is not confirmed to host a far detector far from one of it is four interaction
points (IPs), but there are initiatives like HECATE (Hermetic CAvern TrackEr) [27] or LAY-
CAST (Layered CAvern Surface Detector) [28], which are far detectors proposed for future
electron-positron colliders like CEPC (Circular Electron-Positron Collider) [29] or FCC-ee,
and are proposed to be installed on the cavern hosting the main detector. HECATE is mod-
eled as an hermetic detector that covers the complete solid angle, whereas LAYCAST would
be installed only on the walls and ceiling of the cavern, allowing LLPs to escape through
the cavern floor. However, LAYCAST represents a more practical and realistic project than
HECATE, as building a tracker on the floor is less cost-effective due to the heavy machinery
expected to be hosted in the cavern.

This work intends to cover for both of the problems previously mentioned: the possible
undetected long-lived particles (LLPs), with the study of HNLs on a region where they be-
have as LLPs, and the lack of new discoveries at existing collider experiments, studying the
possibility of HNLs to be found at the FCC-ee. Our study is motivated by the high luminos-
ity EW scale searches at the FCC-ee, since long lived HNLs within the GeV mass scale can
produce a measurable displaced vertex, for small enough heavy-light neutrino mixing. Par-
ticularly, we will study the production of two displaced HNLs and their subsequent decays
into a muon and two jets at the FCC-ee, operating at the center of mass energy where it will
achieve the highest integrated luminosity, the Z pole. We will focus on the My < My pa-
rameter space for masses in the 1-100GeV range, exploring benchmarks on the My — |V, |?
plane that are still allowed by experimental studies. A summary of these searches can be

found in [30] for HNLs in the minimal type I Seesaw, and we note that our work is a bridge
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between experimental measurements, which are scarce, and purely theoretical predictions
for the B-L model, since our final aim is to characterize a signal by simulating an accurate
passage of the HNLs through am FCC-ee type detector.

A sensitivity analysis will be conducted for the IDEA+LAYCAST configuration, where
HNLs can decay at distances ranging from centimeters, within the IDEA detector, to meters,
within the LAYCAST detector, either within or beyond the 5 m radius of IDEA.

Phenomenological analysis of the long lived features of HNLs have been developed
mainly for the LHC in the last decade, with increasing interest for electron positron col-
liders and far detectors in recent years. Generally speaking, the HNL mass can go up to the
Grand Unified Theory (GUT) scale, but the displaced searches have been proposed for one of
the HNL masses from the GeV scale up to the TeV scale [31][20] in the U(1) x extension. In
the My ~ 100 GeV scale, LHCD or far detectors proposals like CODEX b or FASER 2 could
be sensitive to HNLs predicted in the B-L model for M, < 100 GeV and a squared mixing
as low as 1071° [32]. A TeV scale analysis for electron positron colliders have constrained
the My — My plane for different decay modes of the HNL on Ref. [33].

In the full Mz — ¢’ parameter space (without using any effective Lagrangian, as in our
work), constraints can be obtained using CONTUR (Constraints on New Theories using
Rivet) with LHC data. This gives exclusions of ¢’ < 1072 for M at the order of 1 GeV
[34][35]. The LHC has conducted LLP searches that until now have only been able to con-

strain the minimal HNL model. These HNL searches yield |Viy|? < 1072 for My < My

[18]. Experimental constraints like this one leave plenty of parameter space that can be
explored by future particle colliders like FCC-ee. Particularly for low values of the mixing
squared (under 107!%) and My < 200 GeV, the HNLs can decay with lengths of the order of
meters [19][36]. If one assumes heavy Z’ boson mass (TeV scale), CMS has searched for high

mass resonances and constrained My to be bigger than 4.5 TeV [37]. On ref [38] It’s shown

that displaced vertex signatures can be found for long-lived HNLs on left-right-symmetric

11



models for FCC-ee, CEPC, ILC and CLIC. Another long lived analysis at the FCC-ee was
done on [39] for the minimal HNL model.

This thesis is organized as follows: the second chapter is a review of the phenomenology
of the B-L model, including neutrino and gauge boson masses. Chapter three is about the
simulations for generating and decaying the HNL conducted using MadGraph (MG5_aMC_v3_5_4)
[40], a Monte Carlo event simulator, and Pythia 8312 [41], the event hadronizer. Pythia
also provides the kinematic statistics of the events. Chapter four is about the complete sensi-
tivity analysis based on the simulated events, starting with the calculation of the probability
of decay of an HNL for the geometry of a near and a far detector, IDEA and LAYCAST re-
spectively, followed by the calculation of the number of expected events and the obtained
exclusion limit is at 95%CL. A the end of Chapter 4, a brief review, along with preliminary
results, is presented concerning the application of the fast simulation software Delphes
3.5.0 for modeling the IDEA detector with improved accuracy. A final discussion of the

results and perspectives for future work can be found in the conclusion.
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Chapter 2

Phenomenology of the B-L model

This model of physics beyond the Standard Model consists of the symmetry group SU (3) . x
SU(2)r x U(1l)y x U(1)p_r, where the SM has been extended to include a new U(1)p_y,

gauge symmetry [19]. With this, there’s a new gauge field B, in the covariant derivative as
D, = 0, +igsToGy +igToWi + 1Y B, + i (gY + ¢g'Yp-1) B, (2.1)

Where Yp_ 1 and ¢ are the gauge quantum number and gauge coupling corresponding to
the new symmetry and the constant g couples the electromagnetic and B-L gauge sectors. As
previously mentioned, the free parameters in a renormalizable model vary with the energy
scale. Consequently, certain interactions may decouple from the model at specific energy
thresholds, meaning their corresponding couplings can be set to exactly zero or become
negligible, removing their contributions to the theory at those scales. This work focuses
specifically on the model with g set to zero at the EW scale on the renormalization group
evolution. This is the minimal B-L model, where there is no mixing at tree level with the
U(1)y gauge boson Z. Later we’ll see how a new physical gauge boson Z’ is constructed

with the fields B,,, B, and Wj’ , and how it acquires mass through B — L symmetry breaking.
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For the BL field there’s a new kinetic term,

LD FM"WF (2.2)

pv?

where

'™ = 9B — 9" B™, (2.3)

and the model also includes three heavy neutral leptons in the fermion lagrangian,

3
Ef = Z (Z.Qk_LquDMQkL + im’YuDMukR + i%’mDudkR‘F
k=1 (2.4)

+ilkr Y D"lir, + €rrY D" err + iNerv. D" Nir)

where the HNLs, Ny, have the generation index k and are SM singlets. In the scalar sector
we have a new Higgs-like singlet scalar particle y, and the new terms in the scalar potential
are

VO P+ A3 x|t + A HTH [, (2.5)

where H is the SM Higgs doublet. Therefore, the scalar lagrangian is
Escalar - (D“H)TD;LH + (D#X>TD/LX - V<H7 X) (26)

The new particle content and their respective quantum numbers for each symmetry group
can be seen on Table (2.1). For a B-L field content table analogous to the one shown in (1.1),

see Appendix (A.2).
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particle type SU(3). | SU(2). | U(1)y | B-L
Ng fermion 1 1 0 -1
X scalar 1 1 0 2
A4 vector boson 1 0 0 0

Table 2.1: New particle content of the model and their respective quantum numbers.

2.1 Neutrino masses and mixing

In terms of the SU(2) adjoint of the Higgs doublet, H = i02H*, the Dirac adjoint of the
SM lepton double,t Z;F = (NL i 0 j), for ¢ = e, p1, 7 and the charge conjugate of the right
handed HNL, Wz, the new Yukawa terms of the model are,

Ly D =yt NerH — Y3 N nNirx (2.7)

Following the Higgs mechanism, the Higgs doublets can be parametrized in the Feyn-

mann gauge as:

P Gl IO ( (28)

= —= and X = —= x+(h’+iz’)> 2.8
V2 |y + (h+i2) V2

where w* = w' F iw?, z and 2 are the goldstone bosons for the W, W~, Z and Z’

respectively. Each scalar boson gets a vacuum expectation value (VEV), v and z, which are
real and positive,
1 [0 T

<H>:E and<X>:E

()

(2.9)

which breaks the U(1)y x SU(2), and U(1)p_, symmetries. Consequently, he Yukawa
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terms for the neutrinos give, following the Seesaw type I mechanism [12],

T
V2
7€ are -~ M_.

L b+ e
Ly D __yj[])gNjLNkRU - y%NijR + h.c.

V2

__™mp (
where we note there’s a Dirac mass term for the SM neutrinos and a Majorana mass term

for the HNL. The respective mass matrices were defined as

D
mp = Yy and M = VoyMe, (2.10)

V2

and the neutrino generation indices, 7, j and k, were omitted, knowing that y? and yM are

C

3 x 3 matrices. Therefore, in the basis "1 the heavy and light neutrinos mass term can
Npg
be written as
-1/ 0 mp N7
Lmass = 7 (NL NCR> (211)

mp M NR

The mass matrix can be diagonalized by a rotation by «,, such that

tan 20y, = 2mpM !, (2.12)

and without mixing between generations, the fields Ny and Ny, can be written as a linear

combination of the mass eigenstates,

Ny, cosq, —Sinaq, V1
- (2.13)

Npg sincoy, cosa, Vs
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After diagonalizing equation (2.11), in the so-called Seesaw limit (M > mp), one gets

mp ~ —mDM’lmg and mo ~ M. (2.14)

for the SM neutrino and HNL masses respectively. Therefore the heavy and light neutrino

mixing is defined by the matrix

tan 2a,

Vivn ® mpM~! = 5 (2.15)
where [ = e, pu or 7, and in term of the physical masses is
m
tan 20, & | — (2.16)
ma
Thus the neutrino mass scale and the mixing are coupled by the equation,
my
Vin]? ~ —. (2.17)
ma

We note that the HNL mass, ms in equation (2.17), will be referred to as M in the remaining
chapters of this work. For values of m; = 1eV for the SM neutrino mass and my = 100GeV
for the HNL, tan o, ~ 107° and since «,, is small, the mixing is of the same order. Since
the HNL are only allowed to decay via this mixing matrix, this value results in long lived
HNLSs due to the suppressed decay width [', to be elaborated on shortly. However, to sim-
plify the task of proposing a displaced HNL search and maximize the possible patterns, we
decouple the mixing and HNL mass, scanning them independently and disregarding neu-
trino oscillation constraints. Our scan will take values for the HNL mass in the scale of the
GeV and |Viy|? < 107 for the mixing, since our interest is in long lived HNLs. In our

phenomenological analysis, the mixing matrix will feature a single non-zero component,

17



effectively coupling only one SM neutrino flavor with one HNL flavor, | = p.
For simplicity, the Heavy Neutral Lepton (HNL) will be referred to as N throughout the

remainder of this thesis.

2.2 Gauge boson masses

Finally, we’ll see how the scalar kinetic terms
(D*H)'D,H + (D"x)'D,x (2.18)

give masses to the Z’, Z, W= bosons and particularly how the definite mass physical fields
A, ZF and Z'* are conformed by a mixing of the B*, B’* and W fields after EW and B-L
symmetry breaking. Using the covariant derivative on (2.1) and omitting the SU(3) terms,

if we use the unitary gauge, [42]

1 0 1
H=— and x = —=(z+ 1) (2.19)
+h
then we have
(rp) = L [0V B+ g B solW! — W] 0
V2 LgWt +iW?] oM — L(gW K — g, B — GB'™) h+wv
and
1
(D*x) = —2(0“ + 2ig' B*) (W + x), (2.20)
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where we used Yp_; = 2 and Y = 0 for the scalar field x, Yz, = 0and Y = 1/2 for the

Higgs doublet H. Therefore,

(D*H)'D,H + (D"x)'D,x =

[gW " — g B* — ¢/ B*|(v + h)*[-gW ) — 1B, — ¢'B]—

0|

1
WO —iw @[ 4 i@ (v + h)?| + 50" hduh

1 1
58%’8#}/ + 5(1: + h')*(29' B'")?

We notice that the W+ masses appear just like in the SM, and the terms involving B*, W (®)#

and B’* can be rewritten as

BH
(Bu 1 AST B/u) M | WOr

B

(2.21)

where M is the non diagonalized matrix. After diagonalizing, one finds that the mass eigen

states A, Z, and Z L are written in terms of the gauge fields W3, B, and BL, in analogy

with the SM:
B+ cosd,, —sind,cost? sind,sind’ A+
Wit | = | sind, cosd,cos?d  —cost,sin ZH
B*H 0 sin ¢/ cos v’ A

where ¢, the U(1)y and U(1) p_, mixing angle, is defined through the expression

Aa+/ a2 2

PH+16(5) 92— — g}
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After diagonalizing the mass matrix one gets M4 = 0 for the photon for any g value. In
the minimal model, where § = 0, one can calculate that v = 0, and thus there is no mixing
between the Z and Z’ bosons. Under this condition, the expression for the Z boson mass
is identical to the SM, thus the EW masses are independent of the B-L parameters and vice

versa, the B-L gauge boson does not depend on the weak parameters:

My, = g\/gQ +g? and My = 2¢'x. (2.24)

The free parameters to be scanned in our simulations are given in Table (2.2).

parameter description
g B-L gauge coupling
My Z’ boson mass
My HNL mass
[Vun[? | heavy light neutrino mixing

Table 2.2: Relevant parameters of the model used to simulate the Monte Carlo events.

The Z’ boson partial decay width to two HNL's is calculated numerically by MadGraph
and is given by
1 g/2 m2 3/2
I'(Z' =+ NN)=-Z-mgz(1-4—2) . (2.25)
6 2m

m%,

And the corresponding cross-section for an electron-positron pair producing an on-shell
Z’ which decays into two HNL’s is therefore proportional to g’2. Detailed studies on cross
sections can be found in ref. [33]. The Feynmann rules involving HNLs in our process can

be seen in Appendix. (A.1)
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Chapter 3

Z’ and HNL Production and Decay

3.1 HNL production

We numerically compute production cross-sections and decay rates for an HNL imple-
menting the B-L model in a Monte Carlo Software widely used in High Energy Physics sim-
ulations, called Madgraph (MG5_aMC_v3_5_4) [40]. MadGraph is a computational tool that
generates events for particle collisions based on theoretical models in quantum field the-
ory. It takes as input a specified model with its corresponding Feynman rules to compute
matrix elements and cross-sections for the given process, employing numerical methods

when necessary to handle complex calculations. This software performs Monte Carlo cal-

Figure 3.1: Feynmann diagram for the process simulated in MadGraph 3.5.4, where Z’ is a

new gauge boson and N is a heavy neutral lepton.
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culations to evaluate the integrals of matrix elements over a multidimensional parameter
region. The specified model must comprehensively define all particle properties, including
names, quantum numbers, mass, spin, and decay modes, along with couplings, propagators,
and interaction vertices. This ensures an accurate representation of the particle interactions
and dynamics during the event generation. Event simulators like MadGraph take models
defined with Universal FeynRules Output (UFO) files [43] and, particularly in this work, the
B-L model was implemented with the UFO file used in [20].

After the model is implemented via the UFO file, the specifications of each simulation
need to be set manually, indicating the process to simulate and the values for the free pa-
rameters of the model, enlisted in Table (2.2) for the minimal B-L model. Along with this,
the specifications of each simulation have to be set each time as well: the number of Monte
Carlo events, the energy of the particle beams, and the chosen decay strategy for the result-
ing particles to reflect the intended physical scenario. In this work, the beam energies were
configured to be half of the center-of-mass (COM) energy of 91 GeV. It is noteworthy that
using only MadGraph provides important outputs such as cross-sections, decay widths, and

branching ratios for the particles involved in the specified process.

gfore+e— >2Z' > NN > uujjjj

_ [Vinl? = 1e — 08
0.030 Mz =V5=91GeV
0.025 -
0.020
= 0.015 -

0.010 -

0.005

0.000 -

0 10 20 30 40
My

Figure 3.2: Cross section at v/s = 91 GeV for the process ee™ — 7' — NN — puujjjj as

a function of the HNL mass for a fixed value of Mz and |Vjy|?.
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The process ete™ — Z' — NN — pjjjj (Fig. (3.1)) was simulated with Madgraph
event generator, scanning the parameters ¢/, My, Mz and |Vy|?. Two values of the cou-
pling ¢’ were chosen, 1072 and 107, and mass ranges were explored within the region
My < My First, we scanned three values for the mass of the Z’ boson, Mz:: 91 GeV, 250
GeV and 1 TeV, for a center of mass energy /s reaching up to the TeV scale with a fixed
HNL mass of My = 5 GeV. With these values, we plotted the corresponding resonances
on Mz = \/s. Additionally, we scanned My from 1 GeV to 45 GeV, intending to plot the
HNL’s Branching Ratio (BR) and generating sensitivity curves for the peak Mz = /s = 91

GeV. All the scanned parameters are listed in Table (3.1).

ofore+e— > Z' > NN > upjjjj

10! "
2(GeV)
[Vul? = 16— 08, g'=1e-04 - ole+e— >Z'>NN > uujij) 10° 1 ‘ -0
ole+e—- >Z'>NN) 10° | ! = 250 .
j = 1000 ?
-3 g’ '
1073 : 10 — le-04
_1o°
a )
3 Q
1 T 10°°
—-12
10-7 10
10715
........................ 10-18
"""""""""""" [ |Vin|? = 1e — 08
101 ; 10721 ‘ ‘ ‘ : :
90 91 92 0 200 400 600 800 1000
Vs(GeV) Vs(GeV)
((a)) (b))

Figure 3.3: Cross-section as a function of the center of mass energy for the process eTe™ —
Z" — NN — pujjjj. Figure a) shows the Z pole for a decayed and a not decayed HNL.
Figure b) shows the same cross-section for Z’ masses of 91, 250 and 1000 GeV and a B-L
coupling of ¢ = 1073 and 10~%.

As already stated, the B-L model was simplified in the simulation to contain only one
HNL in the kinematic region of interest, and the other two HNL masses were set at 10* GeV

such that they are decoupled from the FCC-ee reach. As for the heavy-light neutrino mixing,
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only the |V, x| component was set to a non-zero value. Consequently, HNL decays in our
case result exclusively in muons, although the final state may also include other leptons via
the W boson generated in the N — IV channel. Our chosen channel for the HNL will be
the one where the W boson decays into a pair of jets.

A cross-section up to 612pb was obtained for the mentioned process with ¢ = 1072
and 0.0612 pb with ¢/ = 107 for Mz = /s = 91GeV. These values agree with the g
dependence of the cross-section according to the Feynmann rules for the simulated process
(see appendix (A.1) and Figure (3.1)). A cross-section plot as a function of the HNL mass for
fixed \/s = 91 GeV is shown on Figure (3.2), also, a cross-section plot for the decayed and
not decayed HNL as a function of the HNL mass can be seen in Figure (3.3), along with the
cross-section up to 1 TeV of center of mass energy for two ¢’ values. The factor between the
two cross-sections is of around 0.5 according to the BR plot in Figure (A.2) and the Narrow
Width Approximation (NWA), which states that o(ete™ — 7' — NN — uujjjj) =
olete™ — Z' — NN) x BR*(N — pjj), although we note that, in our analysis, MadSpin

[44] (referred to in detail later) provides the full non-approximated result.

Parameter Scan
My 91, 250, 1000
My 1-45

g 1e-03, 1e-04

NG 300 val for 1-110

[Vin|? le-20 - 1e-08

Table 3.1: B-L parameter space simulated in MadGraph (MG5_aMC_v3_5_4). All energy and

mass values are given in GeV.
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Figure 3.4: Chosen decay channel for the HNL through an off-shell W boson, where ¢ = 1

in the simulated events.

3.2 HNL decay

The HNL decay was specified in the MadGraph script to be performed using Mad-
Spin[44], which is integrated into MadGraph and handles particle decays while accounting
for spin correlations in the process (as opposed to only using MadGraph, which does not).
This is particularly important when there is an intermediate weak boson, since generally
speaking the resulting quark distributions can be sensitive to the initial spin states, because
weak interactions depend on the chirality of the particles involved in the production of said
weak boson.

The chosen decay channel for the HNL is N — 1157, as shown in Fig. (3.4). A BR plot for
the HNL is shown in Figs. (A.2) and (A.3), where the 1177 channel can be seen. It is important
to note that for each of these BR plots, the simulation included only one accessible HNL,
which decayed according to its corresponding lepton flavor dictated by a diagonal mixing
matrix with only one non-zero matrix element. Therefore, the BR plots in Figures (A.2)
and (A.3) are independent between each other (which means that they sum 1 separately),
and each represents a simplified model where N; decays into electrons (through |V,;]) or Ny
decays into muons (through | V5 ). Since these two independent situations produce the same

BR plot, only one was shown. The case where we have a model with one HNL, N3 which
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decays only into taus (through |V,3]) is shown in Figure (A.3). As previously mentioned, we
simulate a muon-type HNL, and the others are shown for comparison purposes.

In the search for long lived particles its of special importance the proper decay distance
of the particle, cr, where 7 is the proper time and c is the velocity of light in vacuum.

Therefore, for HNLs [36],
ch ch

T=—=~
L m}{GE|Vin |

(3.1)

where G is the Fermi constant and I is the total decay width of the HNL. The explicit
expression for the HNL decay width have been omitted for simplicity and is calculated nu-
merically by the mentioned software. In Figures (3.7(a)) and (3.7(b)), a c7 plot is shown for
various squared heavy-light mixings, with a colored band in the background indicating the
inner and outer dimensions of the IDEA detector sections: vertex finder, drift chamber, and
calorimeter + muon system (see Table (4.1), along with the distance to the LAYCAST half-
length [5 m, 20 m]. c¢7 was calculated using equation (3.1) and from the plot we can see that
in the 1 GeV - 45 GeV range for My, IDEA has an acceptance down to ~ 107'? on mixing
squared.

The boost factor is defined as

By = V(E/My)* =1, (3.2)

where E and My are the energy and mass of the HNL respectively, and the decay length

can be expressed as boosting the propper distance cT,

A = [Brer. (3.3)

A plot for these observables is shown in Figures (3.8) and (3.9). For these plots, the decay

length was calculated as the difference between the decay and the production coordinates
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for each particle using the functions .xDec () and .xProd() of the Pythia 8 software [41]
for each coordinate, and it was cross checked that equation (3.3) holds. For similar plots for
the decay length and the boost factor projected to the z axis, see Appendix (A.3).

After MadSpin generates the decays, parton showering and hadronization are handled
by Pythia 8312 [41], a software that extends MadGraph processing the MadGraph+MadSpin
output in the form of a Les Houches Event file (.1he)[45]. As mentioned, Pythia simulates
soft QCD processes and particle decays, generating Monte Carlo events for the given pro-
cess. From Pythia, kinematic information such as the four momenta and the angles for all
particles involved in the process are obtained, starting from the initial electron positron pair
to all the resulting daughter particles after parton shower is done by the software. In our

simulation, two HNLs were found in every event, as expected.

HNL Branching Ratio HNL Branching Ratio
] ]
0.5 Decay channel 0.51 1o0a DECAY channel
g'=le-0d  —— wj 3 MZ‘:\/?gziglgeV — i
04 Mz=Vs=91GeV. ___ 3, 04l |\ T 3
' — 4 — T
iafgv 0.3 fufgl)
0.3 LalaV LakaV
0.2 0.2
01l \7,_?_7_7—7 S — 0.11 / [
0.01 0.01 J
0 10 20 30 40 0 10 20 30 40
Mn(GeV) Mn(GeV)

Figure 3.5: Branching Ratios for the simpli- Figure 3.6: Branching Ratios for the simpli-
fied choice of one HNL decaying into only fied choice of one HNL decaying into only
one type of lepton ¢ for { = f or e and one type of lepton 7, for [V, n|? = 1075.
|Vun]? = 1075
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Figure 3.7: a) ¢t vs HNL mass for different values of the heavy-light mixing squared. The
colored bands in the background are the inner and outer distances for different sections in
the IDEA+LAYCAST configuration, from bottom to top: IDEA’s vertex finder (purple re-

gion), IDEA’s tracker technology (drift chamber, orange), IDEA’s calorimeter+muon system

(red) and finally, distance to one of LAYCAST’s walls (light blue). b) Zoomed in plot.

A
\ '=1e-04, Vounl? | g':ie-04,
0| TR ", ol | ey
: — le-l4 |
£ 10°9, le-13 \
4 2e-12 301 |
o 1091 2e-11 . |
3 le-10 L0 \\
> 1034 le-09 \
8 —— 1le-08 \
0 1094 — 10 \\
10-31 — ] —
0 -
0 10 20 30 40 10 20 30 40
My(GeV) My(GeV)

Figure 3.8: Decay length as a function of Figure 3.9: Boost factor as a function of the
the HNL mass for different mixings. Dashed HNL mass.
lines determine IDEA’s inner and outer ra-

dius.

The kinematic data for their lepton daughters are written in terms of the spherical co-
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ordinates and four-momenta p* = (E,p) of the particles (muons, in this case), such as
the transverse momentum p;y = \/p?tsz, transverse energy Ep = prsen(f), rapidity
y=In((E+p.)/(E —p.))/2 and pseudorapidity n = —In(tan(6/2)), are shown in Figure
(3.10). This variables would be the MC generated theoretical prediction, to be compared
with the detector-simulated data after being passed through a software like Delphes [46],
which accurately simulates the passage of the particles through the detector components
such as trackers, calorimeters and the muon system. A similar plot for the HNLs is shown
in Figure (3.11). # and ¢ of each HNL will be used event-by-event in the calculation of the
probability of decay inside the fiducial volume for IDEA and LAYCAST. ¢ will be used to
determine the projection of the distances along the z-axis, and the azimuthal angle, ¢, will
be used to determine the acceptance of LAYCAST, which isn’t symmetric with respect to
this angle.

We note that for muons and HNLs ¢ is distributed uniformly and the 6 distribution peaks
around 60° and 120°. The production of low energy muons is most probable, although, as
being produced along with an of-shell W boson, the energy values are not kinematically
bounded. From the pr plot for the produced HNLs we note that py is very close to p =
45 GeV, which is the maximum kinematically allowed energy for the HNL, and since the
HNL mass in this plot is 5 GeV, we can conclude that the longitudinal component of the

momentum is small compared with the transverse one.

29



6(°) (%) pr(GeV)

8000 - 6000 J
6000 -
4000 {
4000 1
2000 {
2000 4 ’_(
[ 0

15000 4§

10000

-
5

5000 1
0 50 100 150 -100 0 100 0 20 40
Il Er(GeV) y
- 30000 A -
30000 4
25000
25000 4 15000 {
20000
20000 A
10000 | 15000 4
15000 1
10000 4 5000 | 10000 |
5000 4 5000 1
[ T T T 0 T ? 0 T T T
0 2 4 6 0 20 40 -5 0 5

Figure 3.10: Kinematic variables of the final-state muons produced by an HNL with mass of

My = 5GeV and |V;y|?> = 1078 through the channel N — 115, obtained using Pythia 8.
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Figure 3.11: Kinematic variables of the HNLs with a mass of My = 5GeV and |V |* = 1078,
produced in the process ete™ — Z' — NN — pujjjj, which were obtained using Pythia
8.
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Chapter 4

Displaced HNL signals at the FCC-ee

Theoretically, the number of events for a given process is given by [47]
n=ox.L (4.1)

where L is the integrated luminosity, a measure of the event rate, and o is the cross-section
of the process. In the case of imperfect detection, the number of expected events is defined

as

N=oxLxe (4.2)

where € is a factor that accounts for both the geometrical acceptance and the efficiency of
the detector.

In this chapter, we will first present a way of calculating € as an acceptance factor repre-
sented by a probability of decay inside of the fiducial volume for a perfect detector, using the
software Pythia 8312. Next, we will use this factor to calculate the number of expected
events for the process ete™ — Z' — NN — puujjjj and generate sensitivity curves.
Finally, preliminary results will be shown for the case of applying the fast simulation soft-

ware Delphes 3.5.0 on the calculation of an efficiency factor that takes into account the
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geometry and performance of the detector.

4.1 A Geometrical Analyses: The Probability of Decay

4.1.1 IDEA detector

The IDEA detector is a 5 meter radius cylinder of 13 meters length planned for the FCC-
ee [25]. A diagram showing the geometry of the cylindrical detector’s fiducial volume can
be seen in Figure (4.1). And the respective detector’s parts and sizes are given in Table (4.1).

The vertex finder (VF) is the part of the detector that is responsible for identifying the
point of origin of particle tracks. The drift chamber is a tracking detector that measures the
trajectory of the charged particles by detecting the ionization produced in gas when charged
particles pass through it, allowing momentum reconstruction. The dual readout calorime-
ter is an electromagnetic and hadronic detector designed to measure the energy energy of
particles, with electromagnetic calorimeters detecting electrons and photons through scin-
tillation, while hadronic calorimeters measure the energy of hadrons through Cherenkov
radiation. Additionally, the muon system is designed to detection of muons, which can pen-
etrate through the calorimeter and the tracking detectors. This system consists of tracking
detectors and calorimeters optimized for high-precision measurements of muons, enabling
their identification and precise momentum determination in the final state of particle colli-
sions.

The probability for a particle to decay inside such a detector is given as a function of the

polar angle 6; for the i-th simulated HNL,

P(@Z) _ e—Ll(Gi)/)\f(l _ €—L2(9i)/>‘5>7 (4.3)
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where \? is the decay length of the HNL along the z axis', L;(6;) is the distance from the
interaction point (IP) to the point where the particle enters the detector section and Lo (6;)
is the distance from L, (6;) to the point where the particle exits the detector. Both distances
are calculated projected to the beam axis (z), as can be seen in Figure (4.1). This geometrical

parameters are given by the equations

Ry
Ly(0;) = min (tafﬁ’ L—2D> — Ly (6;) (4.5)

where the minimum function makes sure that the horizontal distance traveled by the particle

through the detector is never longer than the detector length.

Figure 4.1: Schematic representation of the section o a cylindrical detector like IDEA. The
distances projected to the beam axis are used for the calculation of the probability of an
HNL decaying in the fiducial volume of the detector (L; y L), along with the detector
length (Lp), inner (R;) and outer (Rp) radius.

1)\, is calculated in Pythia 8312 as event[i].zDec() - event[i].zProd() for the i-th particle in
the event.
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IDEA section R, Ro | Lp

Vertex Finder 0.017 | 0.34 | 1.05

Drift chamber 0.34 2 2

Cal + muon system | 2.5 5 13

Table 4.1: Dimensions in meters for the different IDEA detector sections, [25].

To calculate the mean probability of decay of an HNL decaying inside the fiducial volume
of a cylindrical detector for each benchmark with N simulated events, the mean is taken over

the N simulated events as
(P0)) = — ) e M (1 — e l200/AT) (4.6)

The decay length )., and thus the probability, depends on the HNL mass and mixing with
SM neutrinos as seen in Figures (4.2) and (4.3). For the first plot, the HNL mass was scanned
from 1 GeV to 45 GeV with a fixed mixing of |V,,n|> = 107°. The detector dimensions
introduced in the probability equation correspond to the Vertex Finder (VF) system of IDEA,
and all of them are listed in Table (4.1). It can be observed that the most probable decay
length in this case is 0.24 mm, inside the VF, as expected for the probability distribution
which decays exponentially.

For Figure (4.3), the squared mixing was scanned from 10~® to 10~%° for fixed HNL
masses of 5 GeV, 20 GeV, and 40 GeV. It can be seen that the most probable decay length is
also independent of the HNL mass, since fixing different values of the HNL mass results in
the same probability curve. In this case, the probability peaks at 0.13m, which is approx-
imately the same as the one from Figure (4.2) if we compare them with all their decimals.
It was also noted that this peak does not change as the mixing changes. The described be-

havior is expected because the most probable decay length depends only on the geometry
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of the detector, that is introduced through the probability calculation. This argument can
result more clear by considering that, for a fixed detector geometry and no projection in
the z axis (for simplicity of the argument), the probability function can be maximized for

a certain ), and such maximum will only change by changing the lengths of the detector

parameters (once the HNL kinematics is fixed).

Probability of decay in fiducial volume
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Figure 4.2: Probability of an HNL decaying in Figure 4.3: Same probability as in Fig. (4.2)
but for a fixed value of the HNL mass, vary-

the fiducial volume of the Vertex finder in the
IDEA detector at the FCC-ee, for fixed value
of the mixing and varying the projected de-

cay length A\, with the value of the HNL

ing the projected decay length A\, by vary-

ing the heavy-light squared mixing between

10729 and 1078,

mass.

4.1.2 LAYCAST: A Far Detector Porposal
A key necessity in the search for long lived particles is to build detectors that have
sensitivity to particles which are produced far away from the interaction point, as a result
of the decay of a long lived particle (could be from meters to tenths of meters), known as far
detectors. These detectors are usually proposed as a secondary detector working alongside

a "prompt" one (where the collision happens), which is most sensitive to particles that decay

promptly, below the millimeter scale.
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We will consider a far detector modeled as a square cuboid laying outside a main de-
tector like IDEA. The probability of an HNL decaying inside such a detector is calculated
in a similar way as the one just shown for a cylinder, specifically in the case where the
"square" far detector is centered on the IP. In the case of LAYCAST (LAYered CAvern Sur-
face Tracker)[28], which is a far detector proposed for the IDEA detector at the FCC-ee (
see Figure (4.4)), it consists of a tracker system installed all around the walls and ceiling of
the cavern where the IDEA detector will be installed, which it is simplified into a box. It
is characterized by the fact that it is not symmetrical around the vertical axis with respect
to the IP, and therefore the azimutal ¢ angle is partially covered. For such a detector, the

probability was calculated following the procedure in ref. [48], using equation (4.6), with

. (L Ro
L1 (9) =min (5, m) s (47)

L,(0) and L (0) given by

Lo(0) = min (g %) _Ly(0), (4.3)

and R being the outer radius of the prompt detector, which would be 5 m for IDEA. There-
fore, two reference points are taken: the exit point through the cylindrical main detector
and the arrival point at the squared far detector. In the case of IDEA, our points were the
entry and exit of the cylindrical section. Its important to mention that, as the name says,
LAYCAST is a "cavern-like" tracker box without any material or detection technology in the

bulk of the separation between the two detectors.

36



LI

4 . 4 (]
N

N

Lp

Figure 4.4: IDEA+LAYCAST configuration centered on the IP. Lp and R are the length
and radius of the cylindrical prompt detector. The particle’s path inside the prompt detector
is L, drawn with a solid line, and inside the LAYCAST fiducial volume L+, drawn with a
dashed line.

The dimensions for LAYCAST can be seen in Table (4.2). The ¢ coverage is [—26.57°, 307.57°],
given by the angle tan(¢') = 2L'/H on Figure (4.4), and P(6) is manually imposed to be
zero for HNLs that go in the direction of the floor, by dropping those HNLs with azimutal
angles outside of this range. An analogous way of accounting for the ¢ coverage would be
by multiplying the probability by a fixed factor of a/27, where o« = arctan H/2(D + L'),

as it was done in ref. [48]. The dimensions for LAYCAST can be seen on Table (4.2).

Length | L | H | D | L’

Value | 40|20 | 25| 5

Table 4.2: Dimensions in meters of the IDEA+LAYCAST configuration. D is the height of
LAYCAST above the IP, and L’ is the length of the tracker system below it, taking y as the
height coordinate. L is the width in the z direction and H is the width in the z direction.
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4.2 Number of Expected Events

In order to estimate the reach of a certain detector over a set of free parameters, its nec-
essary to calculate the number of expected events for a determined process of interest. In
our case, we calculated it for the process already shown, with the HNL pair produced from
a Z' boson and decaying to pjj at the FCC-ee. With this, one can obtain a sensitivity plot
and, for a specific number of expected events A/, determine a contour over a determined
parameter space that constrains the particular model used, that is, the chosen geometry
and the fixed parameters. These sensitivity curves provide an exclusion under non-signal
observation in that parameter space, which we identify as a region with experimental sen-
sitivity. Therefore we are able to propose a specific search for detectors to test the minimal
B-L model.

The number of expected events for our process is given by
N=2.0lete” =27 — NN — pujjjj) - L-(P(9)) (4.9)

where (P(0)) is the probability for the HNL to decay inside of the fiducial volume, averaged
over the N events of the Monte Carlo simulation (different from N/, the number of expected
events, and from N, the HNL). We followed the procedure explained in the last section for
calculating the probability of decay inside the FV, (P(0)), using the projected decay length
A, as input for IDEA and LAYCAST, as the one shown in Figure (4.2) for a chosen fixed
squared mixing of |V,,y|* = 10~%. With these results, a number of expected events N was
V.n[?, and /s.

Two of these points can be found in Appendix (A.4), including these parameters and other

calculated for each fixed benchmark of our free parameters, My, My, ¢',

observables like ¢ and cross-section.
In order to analyze the capability of the IDEA detector to detect long-lived HNLs, an

exclusion sensitivity region under the zero background assumption (for which N = 3 gives
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a 95%CL exclusion limit) will be presented in two planes, My — Mz and My — |V,n|
These planes will be explored for multiple run-times, scanning 10* points for each plot,
and N = 50k Monte Carlo (MC) events for each point. In the My — |V,y|? plane, for
squared mixings around 1074 and below, Pythia fails to process a significant number of
MC events, therefore the statistics becomes poor and the probabilities come out irregular.
The fluctuations in the probability of decay die quickly when upgrading the simulation to
N = 100k MC events, but the computational power required increases at the same rate,
particularly because we are generating the decays with MadSpin, so the amount of MC
events was increased to 70k events only in the indicated mixing range.

In the benchmark ¢’ = 1073, Vs = 91 GeV, with My within the mass range 1 GeV -
45 GeV and My in the range 107! GeV-10% GeV, the IDEA detector only shows sensitivity
around the My = /s enhancement in the My — My plane, as seen in Figures (4.6) and
(4.8), as dictated by the peak of the cross-section (Figure (3.3)). In Figure (4.8) we see that
the constraint over the parameters in this plane cannot be done for ¢’ = 10~*, where the
sensitivity plot shows a narrow pic on the benchmarks with Mz = /s due to the loss on
cross-section for smaller ¢/, after 4 years of runtime (which corresponds to an integrated
luminosity of 150 - 10® pb~! according to Figure (1.2)). This plot is mostly symmetric around
the /s enhancement and is wider for lower values of the HNL mass. The slight asymmetry
can be observed along the M/, axis, where the reach to the left of the constraint is half a
GeV larger than the right reach towards higher mass values. This comes from the values
of the cross-section as a function of M/, which show a very slightly higher value for M/

approaching the 91 GeV enhancement from the left.
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Sensitivity plot forN=3
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Figure 4.5: Sensitivity plot for N > 3 at the 95%CL for the process ete™ — Z — NN —
(g 777 with zero background. The sensitivities correspond to different sections of the de-
tector configuration, inside IDEA and in between IDEA and LAYCAST at the FCC-ee (4y
runtime). The plot shows the My — |V, x|? plane for fixed My = /s = 91 GeV. The color-
bar shows the number of expected events, N, for the IDEA detector.

In Figure (4.6), the constraint in the My — My shrank to cover only low My values
of up to 20 GeV, expected for a higher reach on particles with larger decay lengths, and in
general the sensitivity curve turned out covering a complementary smaller parameter space
for the LAYCAST configuration than the IDEA one. The reason is that in the probabilities
calculated for LAYCAST the fiducial volume was considered as starting from the end of
IDEA, ie. 5m, which results in a constraint that is exclusive to what the LAYCAST detector
can search by itself, and not what both detectors could search together. We also note that
the LAYCAST curve is not fully contained by the IDEA one, covering more parameter space

(at larger lifetimes) by including a second detector.
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Sensitivity plot forN=3
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Figure 4.6: Sensitivity plot for N > 3 at the 95%CL for the process ete™ — 7/ — NN —
g 77 with zero background. The sensitivities correspond to different sections of the de-
tector configuration, inside IDEA and in between IDEA and LAYCAST at the FCC-ee (4y
runtime). The plot shows the My — My plane for fixed |V;y|?> = 1078, The colorbar shows
the number of expected events, N, for the IDEA detector.

The My — |V,v|* mixing plane was simulated only for ¢’ = 107%, as seen in Figures
(4.5) and (4.7). The plane is constrained up to the highest My kinematically allowed for
pair produced HNLs for /s = Mz = 91 GeV, which is 45.5 GeV, and FCC-ee can probe
mixings down to 107!7 only with the IDEA detector. In Figure (4.6) the sensitivity curve
shifts towards lower mixings for a far detector like LAYCAST, since the configuration is
sensitive to larger decay lengths. On the other hand, in Figure (4.7) it can be seen that the

FCC-ee will already cover an important part of this plane after the first year of runtime.
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Sensitivity plot for N=3
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Figure 4.7: Sensitivity plot at the 95%CL for the process ¢ + e— — Z' — NN — uujjjj,

shown on the My — |V, y|? plane at the FCC-ee with an IDEA detector, for one and four

years runtime.
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Sensitivity plot forN=3
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Figure 4.8: Sensitivity plot at the 95%CL for the process ¢ + e— — Z' — NN — uujjjj
at zero background, shown on the My — M plane at the FCC-ee with an IDEA detector,

after 1 and 4 years of runtime for ¢’ = 1073 and 10~

4.2.1 Discussion

The constraint obtained in the My — |V, |* plane for a long-lived HNL pair produced at
the FCC-ee (Fig. (4.5)) is a novel result for the minimal B-L model. Similar curves have been
derived for the minimal model at the FCC-ee, as shown in [49], but these focus on HNLs
produced from the decay of a Z in the absence of additional gauge symmetries, where pair
production is not allowed. In contrast, the B-L model can predict larger cross-sections by
including a new gauge boson, Z’, allowing the curve to reach lower values of the squared
mixing in this plane, which is an interesting LLP search for FCC-ee.

Several observations can be made regarding the sensitivity plots. In Figure (4.5), small

mixing values are permitted for HNL masses closer to 45 GeV, since lighter HNLs with
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small mixing acquire extended lifetimes, reaching decay lengths of the order of hundreds
of kilometers and thus decaying very far from the IP, outside of the detector’s acceptance.
It is also noteworthy that in this plot, the contour is not closed because the highest mass
kinematically allowed for pair production is 45.5 GeV, so no mass above this value was
simulated. In order to close the constrain, more points will be simulated in future work, but
the curve is not expected to go further. On the other hand, in Figure (4.6) one can see that
smaller HNL masses around Mz /6 are favored in this scenario. This would be an interesting
constraint to impose over the parameter space for calculating a sensitivity plot where the
My and Mz masses are not independent parameters. We can see from Figure (3.2) that the
cross-section is favored for smaller HNL masses, causing the behavior depicted in Figure
(4.6). We note, however, that the probability distribution influences this shape by dictating
the horizontal extension of the contour.

As shown in the c7 plot in Figure (3.7), the smallest squared mixing value for which the
HNL can decay inside the IDEA+LAYCAST configuration is 1072, however, our constraint
curve extends to much smaller mixing values, which means HNLs that decay outside of
the fiducial volume of the detector. This can be because the efficiency factor, which is the
probability function, decreases exponentially at the border of the volume, instead of discon-
tinuously going to zero, as seen in Figures (4.2) and (4.3), therefore for a high enough value
of the cross-section and the luminosity, the number of expected events results in N' > 3,
and the sensitivity plot gets a sort of geometric "illusion acceptance". This issue can be taken
into account by imposing by hand that the probability is exactly zero outside of the fiducial
volume, which means dropping all events where the HNL has a decay length that misses
the volume of the detector. The sensitivity plot under such a constraint was preliminarily
calculated and showed to reduce the acceptance in squared mixing by an order of magni-
tude in Figure (4.5). These effects were not included in the sensitivity plots shown in this

thesis, Figures (4.7) and (4.5), due to a lack of statistics with the available simulated data,
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but are to be considered in future work. Another detail to consider is the cases in which
the tangent of § equals zero, where the distances diverge. Since its expected that only very
few events reach the exact value of 0° in #, and analogously for 180°, as can be noted in the
7 distribution in Fig.(3.11), this is only expected to help on reducing statistical fluctuations
around the contour curve.

It is relevant to note that the plot in Fig. 2 of Ref. [49] shows that within the next
two decades, following the planned upgrades and data collection, the HL-LHC could probe
through hadronic searches a part of the My — |V, y|? plane that we simulated in this work.
However the electron-positron search including a far detector increases the sensitivity for
My values between 1 GeV and 10 GeV. Experiments like ATLAS have searched for My
values between 5 GeV and 10 GeV, excluding squared mixings greater than 107 [30]. In
our analysis, FCC-ee with a far detector like LAYCAST is sensitive down to approximately
|Vun]? = 107! for Mz in a 10 GeV range around the resonance /s = M. This shows
the IDEA+LAYCAST configuration at the FCC-ee has significant potential for discovering
long lived HNLs, with particular improvements in the lighter HNL parameter space in com-
parison with the HL-LHC, and its noteworthy that IDEA by itself can probe mixings down

to 10717,

4.3 Fast Simulation-Based Analysis for the IDEA Detec-
tor

Up until this section, Pythia (along with Python) was used to simulate the acceptance
of the IDEA detector to the HNLs in our simulation. This approach primarily accounts for
the geometry of the detection, as seen in equation (4.3), but it assumes an ideal detector. In
order to simulate the detector response to the particles interactions with it we used Delphes

3.5.0 [46], which takes as an input the particle-level generated process in . lhe files given
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by a Monte Carlo software like MadGraph, and give as output an object from the ROOT
framework which includes all the generated and recollected data, referred to as a Tree [50].
We note that Pythia is installed within Delphes so the parton shower and hadronization are
still handled correctly.

Delphes is a faster alternative to full-detector simulation, very useful for approaches that
do not require a detailed description of the interactions with the different detector materials,
since it performs fast simulations with effective responses. However, this software is capable
of providing accurate simulations that account for pile-up and particle flow.

Delphes simulates, by response functions, a tracking system in a solenoidal magnetic
field, a calorimeter and a muon system.

The MC generated events are filtered and stored in different ROOT branches, with each
branch representing the data for a particular detector element that successfully passed the
relevant classification criteria, in concordance with the intrinsic properties of the particles
and with the definition of each detector model. Therefore, for example, the tracker branch
will filter-out non-charged particles, but also charged particles that fall outside of the de-
tectors acceptance, considering geometrical aspects like decay length, pseudorapidity (),
among others. We note that each class (stored in a ROOT branch) includes functions to ac-
cess the different kinematic variables. For an example of the available classes and functions
see ref. [51]. Along with the MC generated . 1he file, each particular detector configuration
has to be provided to Delphes in the form of a card, contained in a . tc1 file. This file details
the different detector sections, their respective efficiencies and how the data will be handled
in each.

As mentioned, Delphes allows the user to access the generated kinematic information

for all the particles involved in the process. In this discussion we will only show results on

?In hadron-hadron collisions, the overlap of simultaneous events (or pile-up) is produced because hadrons
are collided as bunches of particles. In electron-positron experiments the collisions happen one to one, as
easier for lighter particles, therefore pile-up can become relevant only in high luminosity experiments like
FCC-ee.
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kinematic distributions for the tracker branch, leaving kinematic cuts and vertex criteria for
future work. In Delphes, the tracking efficiencies are only approximate and are described
by an efficiency equation that depends on the magnitude of energy and 7. The tracking
treats all leptons and hadrons equally, and smearing is performed using a covariance matrix

validated with full simulation [46].

mark /s = My = 91 GeV, My = 35 GeV,

Vvl = 107% ¢ = 10~* were given to
Delphes software along with the respective card for the IDEA detector model. In Figures
(4.9(a)) and (4.9(b)), a non normalized distribution for the transverse momenta pr and the
pseudorapidity, 7, of the HNL produced muons? are plotted along with the distributions for
the MC generated muons (which also come from an HNL) as given by MadGraph (i.e. with
a detector efficiency of 1), with the purpose of illustrating the effect of the efficiency of the
detector.

Since tracks follow an helix path, sometimes they can get closer to the IP after being
produced, before moving away. The observable that describes this phenomena and help us
to classify displaced activity is the impact parameter. This parameter is the shortest distance
between a track and the IP, projected to the transverse plane (dy) and to the longitudinal

plane (d,). The explicit form of the impact parameter projected into the transverse plane is

[20]
do = \/ 7% + Y3 50 6 — i (4.10)

as a function of the daughter coordinates, x4, ¥4 and ¢4, and the (long lived, in our case)
mother coordinate ¢,,. Since this variables are of major importance when studying long
lived particles, we also included plots for the impact parameter d, and its projection along

the z axis, d,, which were provided by Delphes, as established in the IDEA card.

3The tracks were classified as HNL produced muons using the Delphes functions: .Particle(), which is
a reference to the MC generated particle that corresponds to the selected track, .M1 (), which gives back the
event index of the generated paricle’s mother and .PID() which gives the mother’s ID.
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According to the benchmark of the plots shown in Figure (4.9), the decay length of the
HNLs that produced the analyzed tracks was 1 cm, this number agrees with the distributions
shown for dy and d, of the muons, which peak at that value. This outcome aligns with
expectations, as the method described earlier ensured that these tracks originate from the
HNL

The efficiency for the reconstruction for MC generated muons, to muon-type tracks,
is calculated as € = N,_trqcx/N, where N and N,,_4,40, are the amount of MC simulated
events before and after implementing the tracking criteria of the IDEA detector (through
Delphes). For the plots in Figures (4.9(a)) and (4.9(b)), Ny = 199984, as expected for 100k
MC simulated events with two HNLs decaying into one muon (and two jets) per event. The
16 missing HNLs are associated to software error. On the other hand, the amount of events
that contain two muon type tracks (produced by an HNL) that passed the tracker criteria
of the IDEA detector (implemented through Delphes) is N, _srqcr = 62551. Therefore the
efficiency for this preliminary analysis is € = 0.313. Based on this efficiency, it can be
inferred that 30% of the events that contained two final-state muons originating from a pair
of HNLs, satisfy the track selection criteria of the IDEA detector, as specified in the IDEA
card.

ATLAS and CMS have conducted long lived HNL searches with different criteria de-
pending on the respective production mode and thus on the energy scale: Displaced dilep-
ton searches with no explicit no vertex requirement (CMS), Displaced dilepton vertex search
(CMS), Displaced lepton + hadrons vertex search (ATLAS), Displaced dilepton vertex search
(ATLAS) or DVs in muon spectrometer (ATLAS). For a brief description of each and further
references, see [52]. One can revisit these searches ans recast them to other models, like the

search for long lived neutralinos is often reinterpreted for HNL studies as well, see ref. [53].
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Figure 4.9: Recollected muon type tracks for the IDEA detector simulation at the FCC-ee
for the process ete™ — Z' — NN — ppjjjj simulated with Delphes 3.5.0, in the
benchmark /s = My = 91 GeV, My = 35 GeV, |V,y|* = 107, ¢ = 10~*. Figures (a)

and (b) show the pr and |n| distributions for muons resulting from an HNL decay, stored in
the reconstructed tracks (despicted in blue), and stored in the MC generated events with a
detector efficiency of 100% (despicted in red). Figures (c) and (d) show d and d. for recon-

structed tracks which are classified as HNL produced muons.

In future work, a specific search for final-state leptons and at least one displaced vertex
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at the GeV scale at the FCC-ee will be proposed by estimating the efficiency of the detector’s
response and performing kinematic cuts on the events given by Delphes. Cuts similar to the
ones applied in [54] and [20] for the pair production of an HNL with a mass under 100 GeV
decaying into a lepton and two jets will be used as a guide for event selection. The general
cuts over the lepton tracks for two displaced vertices are over pr, 1 and dy. Low pr lepton
tracks are excluded for avoiding background and noise from side processes like low energy
hadronic or photonic decays, 7 cuts are a standard constraint imposed to account for the
acceptance of the detector, arising from limitations inherent in the detector’s geometry, and

dp larger than ~ 1mm classifies tracks as displaced.
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Chapter 5

Conclusion

In this work, the MadGraph MC simulator was used to generate the process ete™ —
with only one SM neutrino flavour through the mixing element V5. Cross sections of
the order of 10? pb and 102 pb were obtained for ¢’ = 1073 and 10~ respectively for
Vs = My.

The geometry of one of the prompt detectors proposed by the FCC collaboration, the
IDEA detector, was modeled for calculating the probability for an HNL to decay inside of its
fiducial volume. This calculation was repeated for the scenery where there’s a far detector
surrounding IDEA, and the far detector model used is a proposal denominated LAYCAST.
We used Pythia 8 and Python 3 to obtain the HNL kinematic information of each MC event,
and with it we calculated the probability for it to decay inside IDEA and, separately, inside
LAYCAST (outside of IDEA).

With respect to the probability distributions, they were calculated for the Vertex Finder
in the IDEA detector and for the fiducial volume that starts at the external border of IDEA
and ends in the LAYCAST trackers in the cavern. These distributions peaked within the

corresponding fiducial volumes. Since the ¢ distribution of the HNLs is uniform (Figure
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(3.11)), the loss of HNLs through the cavern floor for LAYCAST does not have a big impact
beyond introducing statistical uncertainty by reducing the amount of events that contribute
to the mean probability by giving a nonzero value. If the process is symmetrical around the
azimuthal angle for every benchmark, then the decrease in statistics will be constant. On
the appendix of the LAYCAST ref. [49], a study on how the election of the position of the IP,
including an analyses on the lack of tracker floor, is done, resulting in minor effects overall.

The probability is an efficiency factor used to calculate the number of expected events
and with it a sensitivity constrain was obtained for both the My — M and the My —|V, x| 2
planes. Both of the studied planes show that in the /s = M resonance, FCC-ee with an
IDEA detector is sensitive to all HNL masses between 1 GeV and 45 GeV, starting from the
first year of runtime, for both ¢’ = 1072 and ¢’ = 10~%.

We note that the sensitivity analysis in the My — M was conducted for two values of
¢', 1073 and 10~*, but the DarkCast plot in ref. [32] shows using experimental searches that
g’ = 1073 is right at the exclusion border defined by the existing experimental searches, and
given the resulting sensitivity for ¢ = 1074, the My — M plane is not interesting on a
sector of the parameter space that is safely free from current constrains. On the other hand
and for the same reason, the My — |V, n|? plane was only simulated for ¢’ = 107*. Our
search was not found in the literature for the minimal B-L model at the FCC-ee, making this
a novel study, with sensitivities down to 107!® in mixing for an IDEA-like prompt detector
after 4 y runtime.

To follow up on this work, an algorithm for identifying, selecting, and filtering displaced
vertices will be developed using Delphes, with the purpose of obtaining sensitivity prospects
that account for the detector’s response to particle’s interactions. It would be interesting
to get in touch with the LAYCAST authors to check if they can provide a Delphes card for
their proposed detector and include it in our analyses. Since LAYCAST is just one tracker

layer, time could be invested in creating a toy card for a tracker open box that simulates the
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LAYCAST detector with efficiencies similar to the IDEA ones.

In this work, as a first approach to calculating an efficiency factor that takes into account
the detector components response to the passage of the simulated particles, we compared
the kinematical variables of the events stored in the "Tracker" branch of the ROOT tree with
the ones of the MC generated data that have a detector efficiency of 1. For muons produced
from the decay of an HNL, the efficiency of the reconstruction considering only the tracking
selection criteria provided in the IDEA card is € = 0.313.

It is relevant to note that Delphes also offers reconstructed events in a module exclusive
for muons. These events undergo additional cuts compared to those stored in the "Tracker’
branch by effectively simulating the muon system, and thus the number of MC events is
reduced by at least two orders of magnitude by passing these cuts, which makes a muon-
system level study interesting but less effective computationally.

This work can also be thoroughly complemented by extending the simulated parameter
space. Heavier Z’ masses can be analyzed for other running stages of the FCC-ee with
smaller luminosities. As our cross section plot shows for a Higgs scale Z’ boson, the value
of the cross section is not suppressed for a pair produced HNL with a mass of 5GeV and
|V,.n]? = 107%, which would behave as an LLP. Therefore it is to be expected that IDEA at
the FCC-ee can search this sector as well with enough sensitivity, considering £ = 50 ab™*
after four years of runtime in Higgs Factory mode. The prospects obtained in this work
would be very interesting to analyze in the U(1) x model, since, as it was mentioned in the
introduction, the cross sections are higher due to the more general quantum number, thus
more sensitive searches can be proposed.

In conclusion, this work proposes a search strategy for the Future Circular Collider at the
Electron-Positron mode (FCC-ee) to probe long-lived Heavy Neutral Leptons (HNLs) within
an unconstrained and experimentally accessible parameter space. By utilizing the IDEA

detector, this study presents sensitivity prospects that highlight the potential of FCC-ee in
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detecting these particles. This approach not only contributes to the exploration of beyond
the Standard Model physics but also underscores the importance of advancing experimental

techniques to search for long-lived particles at upcoming collider experiments.
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Appendix A

Appendix

A.1 Relevant Feynmann rules for HNLs

VZe
4sindy,

sina,, g'cos2a,

Figure A.1: Feynmann rules involving HNLs in our simulated process. [42]
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A.2 Field Content of the B-L. Model

Fields | Field Content | SU(3)c | SU(2), | U(l)y | U(1)p-1
9 9, 8 1 1 0
Wra Wy 1 3 0 1
B* B# 1 1 0 0
B B 1 1 0 0
Ny,
L; L;= 1 2 1/2 -1
€L,
ERi ERi 1 1 -1 -1
Ng; Ng; 1 1 0 -1
Ur,
Qi 3 2 1/6 1/3
dr,
ds. up, 3 1 1/3 1/3
us, U, 3 1 -1/3 1/3
H+
H 1 2 -1/2 0
HO
X Y 1 1 0 2

Table A.1: Standard Model extended with the non minimal B-L symmetry of particle physics.

t =1, ...,3 are generation indices, a = 1, ..., 3 for W and a = 1, ..., 8 for the gluons.
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Figure A.2: Boost factor projected to the z
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Figure A.3: Decay length projected to the z

axis. axis, calculated with the method previously
described in Chapter 3.
A.4 Benchmark Table
My (GeV) | |[Von|? | /s(GeV) | My (GeV) | BRIN — pjj) | o1 (pb) | o2 (pb)
20 1x 10712 91 91 0.514 451.93 | 232.544
30 1x 107 91 91 0.507 265.04 | 134.567
20 1x 10712 91 91 0.514 0.04519 | 0.0232544
30 1x 1014 91 91 0.507 0.0265 | 0.0134567
eff " (GeV) cr (m) q L (ab™h) N
0.0055817 | 1.553546 x 1078 | 127.08 | 1 x 1072 | 1.5 x 10® 1.9 x 10%
0.0007 | 7.483732 x 10729 | 2638.12 | 1 x 1073 | 1.5 x 108 1.4 x 107
0.0055817 | 1.553546 x 10~ | 127.08 |1 x 10~* | 1.5 x 108 1.9 x 104
0.0007 7.4837 x 10729 [ 2638133 | 1 x 1074 | 1.5 x 103 | 1.4152 x 10°

Table A.2: Two benchmarks for our calculation of the number of expected events. o

olete — Z' — NN)and 0o = o(efe” — Z/ — NN — pupjjjj). In this case,

eff=(P(#)) is the probability of decay inside the fiducial volume. Note that this table is

originally 5x12; it was divided in half to accommodate space.
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