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UNIVERSIDAD DE CANTABRIA

Abstract

Master in Particle Physics and the Cosmos

Search for Long Lived Particles at the LHC

Given an observation of the Higgs boson with a mass of 125 GeV in the Large
Hadron Collider (LHC) Run 1, a detailed study has been conducted on its prop-
erties, with numerous searches for new particles, resulting in no evidence of new
Physics or significant deviations to predictions of the Standard Model (SM). None-
theless, and despite the great success of the SM to describe an enormous range of
physical phenomena; diverse theoretical considerations, such as challenges with SM
to explain the mass of the Higgs boson taking into consideration its quantum cor-
rections (hierarchy problem) motivate the search for Physics beyond the SM both by
way of Run 2 LHC data analysis and of Run 3 in the period of high luminosity of the
LHC.

In this context, it is important to propose that the absence of evidence of Physics
beyond the SM can be explained due to the fact that it manifests in way of less com-
mon signatures in the LHC, being one of the most attractive options its materializa-
tion by way of new displaced particles. The objective of this research is to study this
type of searches where long lived particles disintegrate, opening the way to pairs of
charged and displaced leptons (muons and electrons).

The paper will focus on an ongoing advanced analysis of this type, which in-
cludes all Run 2 data of the LHC in the CMS experiment, with the purpose to explore
the improvement of these searches in diverse situations. Diverse options can be ex-
plored: optimizations for signals with displacement not excessively preeminent, im-
provement of the efficiency of signal reconstruction or improvement of background
estimations. The aspects in which this comes into play will depend primarily in
the cumulative experience of research development at the start of the final Master
project.

Keywords: Long-lived Particles, CMS experiment, LHC, high-energy physics,
Beyond Standard Model, data analysis.
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UNIVERSIDAD DE CANTABRIA

Resumen

Master en Fisica de Particulas y del Cosmos

Busqueda de Particulas de Larga Vida en el LHC

Desde la observacion del bosén de Higgs con una masa de 125 GeV en el Run 1
del Large Hadron Collider (LHC) se han estudiado en detalle sus propiedades y se
han llevado a cabo numerosas btisquedas de nuevas particulas, sin encontrarse evi-
dencias de nueva Fisica ni desviaciones significativas a las predicciones del Modelo
Estdandar (ME). Sin embargo y a pesar del enorme éxito del ME para describir un
enorme rango de fenémenos fisicos, diversas consideraciones tedricas, tales como
los problemas del ME para explicar la masa del bosén de Higgs teniendo en cuenta
las correcciones cuanticas a la misma (problema de jerarquia), motivan la busqueda
de Fisica més alld del ME tanto mediante el anélisis de datos del Run 2 del LHC
como en el futuro Run 3 y en el periodo de alta luminosidad del LHC.

En este contexto, es importante plantearse que la ausencia de evidencias de Fisica
mas alla del Modelo Estandar puede deberse a que ésta se manifiesta en forma de
signaturas menos habituales del LHC, siendo uno de las opciones méds atractivas su
materializaciéon en forma de nuevas particulas desplazadas. El objetivo del presente
trabajo es el estudio de este tipo de blisquedas donde las particulas de larga vida me-
dia se desintegran dando lugar a pares de leptones cargados (muones y electrones)
desplazados.

El trabajo se basara en un andlisis en marcha y avanzado de este tipo, el cual
emplea el total de datos del Run 2 del LHC en el experimento CMS, para explo-
rar la mejora de estas buisquedas en diversas situaciones.Diversas opciones pueden
ser exploradas: optimizaciones para sefiales con desplazamiento no excesivamente
prominente,mejora de la eficiencia de reconstruccion de senales, o mejoras en la es-
timacion de fondos. Los aspectos en los que se incidira principalmente dependeran
de la experiencia acumulada en el trabajo en desarrollo de inicio del proyecto de fin
de Master.

Palabras Claves: Particulas de larga vida, experimento CMS, LHC, fisica de altas
energias, fisica mas alla del Modelo Estdndar, analisis de datos.
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Chapter 1

Introduction

Particles with long lifetimes are predicted in many extensions of the Standard Model
as a way to address series of still open questions suchlike the hierarchy problem,
dark matter and neutrino masses. Even though the Standard Model has been quite
successful in describing the behavior of fundamental particles; there are, however,
pieces of the puzzle that are missing and that raise doubts on what is yet to be dis-
covered. This motivates the quest for physics beyond the Standard Model, where
Long-Lived Particles (LLP) emerge as a natural explanation on scenarios such as Su-
persymmetry (SUSY), RPV Supersymmetry, "hidden valleys" models and extended
Higgs sectors.

The experimental signatures of LLP have captivated special attention, since the
search of new particles with promptly signatures have yielded no results and LLP
could manifest themselves through delayed decays. In other words, LLP signatures
could be "hidden" in the detectors as stopped particles that decay out of time with
collisions, having displaced vertices in the tracker or muon detectors. Such atypical
signatures are subject of current study at LHC and could offer a plausible hint on
the discovery of new physics at high-energies.

In particular, the LLP of interest in the given analysis is a spinless boson X that
decays to final states that include a pair of charged leptons (electrons and muons),
where the X boson is pair-produced in the decay of non-SM Higgs boson (H — XX,
X — ITI7) 1]

This study is based on an ongoing analysis of searches for long-lived particles
that decay into final states containing displaced leptons in the Run 2 of the LHC, us-
ing 2016 data collected with the CMS detector in proton proton collisions at /s = 13
TeV and it focuses on generated signal samples produced with PYTHIA v8, which
benchmark model is BSM H — XX, 2u2e, where the mass for the Higgs boson is
set to be 400 GeV, for the X boson 50, 150 GeV with mean proper lifetime 7, such as
cT = 4,40,400 mm. The aim of the following study is to provide an estimation of the
number of signal events in a sample using exclusively generation level information,
in a way that could help to optimize cuts at analysis level and, additionally, to com-
pare the performance between two algorithms for muon reconstruction: Muon Run
1-like and Displaced Global Muon Run 2-like algorithms.

The thesis is organized as follows: Chapter 2 provides a shortly introduction
of the Standard Model together with extensions of the Standard Model with LLP;
in Chapter 3 a review of the Large Hadron Collider and the CMS experiment is
presented; while in Chapter 4 a briefly description on the different reconstruction
algorithms is given; and in Chapter 5 the results obtained are illustrated and further
discussed. Finally, the conclusions of the given analysis are presented in Chapter 6.



Chapter 2

Theoretical Introduction

The main goal of high-energy physics is to provide an effective mathematical de-
scription of the fundamental constituents of matter and the interactions between
them. The known interactions are reduced to four forces: Strong interaction, electro-
magnetism, weak interaction and gravity. Although the electromagnetic and gravi-
tational forces were somehow understood by classical physics, the growing under-
standing of quantum mechanics suggested that forces are transmitted through the
interchange of particles. Also, the phenomenological description of  and a-decays
allowed to depict properties of new short-ranged interactions, nowadays known as
weak and strong forces. All that advances have lead to a more complete picture of
the interactions involved between particles. On the other hand, elementary parti-
cles are so far described as excitations of quantum fields, which their behavior and
mathematical framework is explained by the Quantum Field Theory (QFT) founded
by Dirac[2], Pauli, Jordan [3] and Heisenberg [4].

The collection of mathematical expressions that coherently portrays three out of
four fundamental interactions in nature (electromagnetic, weak and strong forces)
and provides a way to classify elementary particles, is refer as the Standard Model
(SM) of particle physics. However, despite the high precision of predictions pro-
vided by the SM in experimental studies, there are still limitations that pops up
questions about the current understanding of the Universe such as: the hierarchy
problem, the baryon asymmetry, the origin of neutrino masses and so on. Particu-
larly, Some of many theories and models that are trying to elucidate answers for the
apparently inconsistencies, involve particles with long lifetimes. In this chapter, a
brief introduction for both the SM and its limitations along with extensions of the
SM involving Long Lived Particles (LLP) is given.

2.1 Standard Model

In the 1960s, a theory explaining the unification between the weak and the electro-
magnetic interaction was proposed by Glashow [5], Weinberg [6] and Salam [7]. The
empirical confirmations on neutral currents' and charged-current scattering® of such
theory along with the Quantum Chromodynamics theory (QCD) gave rise to what
is today called the Standard Model of particle physics.

Basically, the SM is a relativistic quantum field theory (QFT), which fundamental
foundation is symmetry. The SM comes from the principle of local gauge invariance
and thus, it suggests that interactions of vector bosons are associated with a global
symmetry group [10]. The description of the three interactions mentioned above is
based on the group of symmetries SU(3)c ® SU(2), @ U(1)y.

Isee Neutrino Scattering at CERN (Block,1964)[8]
Zsee Gargamelle experiment at CERN (Hasert,1974)[9]
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FIGURE 2.1: Fundamental particles of the Standard Model. From
(Purcell, 2012) [11].

According to the SM, the constituents of matter, fermions, can be classify into two
groups of particles named leptons and quarks, all of them with spin of 1/2. Fermions
are also subdivided into 3 generations according to their mass hierarchy, as shown in
Figure 2.1. In contrast to leptons, quarks are color-charged and they interact via the
strong interaction combining together to form hadrons [12]. Additionally, fermions
have a counterpart called antifermions with the exact same mass but opposite charge.

On the other hand, the mediators responsible for the interactions are called bosons
and are divided into gauge or vector bosons (spin 1) and a scalar boson (spin 0).
Gauge bosons are summarized as follows: Photon, the carrier of the electromagnetic
force, three massive bosons W+ and Z, the carriers of the weak force, and finally,
eight massless gluons responsible for the strong force [13]. The special case of the
mass acquired by the W* and Z bosons is explained through the electroweak spon-
taneous symmetry breaking [14], in which a scalar boson, called the Higgs Boson, was
predicted by the Higgs mechanism and in 2012 it was announced the discovery of
a new particle compatible with the predicted Higgs boson by the CMS and ATLAS
experiment [15, 16].

2.1.1 Hierarchy Problem

The SM is expected to be a valid theory to energy scales up to A2 ~ M3, being the
Planck mass approximately Mp ~ 10!° GeV; the scale of energy in which gravity
effects are a deal. Thus, as the Higgs mass obtained is way smaller than the one
expected for a scalar boson, huge quantum corrections above the electroweak (EW)
scale are required for the SM to be treated as an effective field theory,

Amy = mp — m¥ ~ A? (2.1)

However, the Higgs boson acquires quadratically divergent values. To keep the
Higgs mass at an acceptable value of ~ 100 GeV, it is required a fine tuning of the
parameters in the SM at energies above the EW. This is considered “unnatural”, since
there is no symmetry involving that sort of necessary couplings [17, 18]. This is the
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so-called hierarchy problem. So far, the most attractive and well-studied solutions are
the theory of Supersymmetry (SUSY) [19], theories involving extra dimensions and
the Little Higgs theories [18].

2.1.2 Other Limitations of the SM

The SM has provided answers that have been remarkable in the understanding of
nature, but there are still open questions that need to be solved, in order to seek
for what is yet to be discovered. In principle, there a set of questions that imposes
limitations on the SM: the structure of the SM itself, the relation of particle physics
and the large scale Universe and questions about the nature of space and time [12];
which are currently matter of study at CERN LHC. A few open questions are:

e Why does the Universe contain more matter than antimatter? This is know
as the Baryon asymmetry. It seems like the universe requires new CP-violating
interactions not yet observed.

o What is dark matter? Most of the matter in the universe is dark matter, pre-
sumably made of particles, which are not accounted by the SM. In particular,
possible candidates for dark matter particles emerge naturally from theories of
supersymmetry (SUSY) such as R-parity conserving SUSY.

o Are there symmetries of space-time that lead to new particles and interactions?

e How does gravity fit in the scenario of particle physics?

2.2 Extensions of the SM with Long-Lived Particles

The nature of the Hierarchy Problem singles out the electroweak scale for new physics
searches, where possible solutions lie in new massive particles. In particular, Long-
Lived Particles (LLP) arises from predictions in many theories of physics beyond
the Standard Model (BSM), where the macroscopic decay lengths of such particles
emerge naturally from the breaking of symmetries. Bearing that in mind, it becomes
important to recall the expression for the proper lifetime 7 of any particle,

1
v o [anMOms > {p)P? @2

where m, is the mass of the particle, M the matrix element governing the decay
into products {p¢}, dI1f the Lorentz-Invariant phase space for the decay and T' the
decay width [17]. In order for a particle to be long lived, its decay width must be
small or, in other words, its matrix element or phase space must be small. This could
happen if the matrix element is suppressed by means of a symmetry that forbids
the decay or by a small effective coupling constant. This is rather familiar, as it is
known that the proton long lifetime arise for its decay being forbidden by the baryon
number (an accidental symmetry of the SM) or, in the case of the muon long lifetime
that arises from a small coupling, the Fermi constant Gr, in a large dimensional scale,
high mass of the W boson [20].

Some of the models that could present this behavior and that are being consid-
ered in LLP searches at LHC are supersymmetric theories or models with and ex-
tended Higgs Sector.
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FIGURE 2.2: Standard model particles as a function of mass and
proper lifetimes. From (Lee, 2019) [17]

2.2.1 Extended Higgs Sector

Models that include extended Higgs sectors have at least three neutral bosons, one
of them being the SM Higgs Boson (125 GeV) [21]. Long-Lived Particles (LLP) could
couple to the SM-like Higgs boson or to exotic bosons. As for the first kind of cou-
pling, there are possible ways in which LLP are produced through SM-like Higgs
bosons, where the dominant production is via gluon fusion and the expectation is to
have LLP candidates below of half the mass of the Higgs boson in which the branch-
ing fraction into LLP is taken as a free parameter. However, many theories predict
new scalar states produced alike SM Higgs and in contrast, the Higgs mass can be
taken as a free parameter [22].

Since LLP could arise from hidden sectors, exotic Higgs boson decays are a good
possibility for their production mechanism [23]. In particular, a toy model describing
the decay of Higgs boson to a pair of pseudo-scalar X bosons that decay back to SM
particles (H — XX — SM) [1, 23] is relevant in 2HDM+S 3, NMSSM* and in Hidden
Valleys models [24].

This motivates the search of LHC LLP and, in particular for the present analysis,
it motivates the study of the general signature given by the toy model of non-SM
Higgs boson where LLP decay to dileptons (electrons and muons), as shown in Fig-

ure 2.3. Here the mass of the Higgs boson is taken as a free parameter®.

2.2.2 Supersymmetry (SUSY)

Supersymmetry (SUSY) is one of the most well-known theories which try to pro-
vide a solution for the hierarchy problem. To achieve that, new symmetries that

3Two Higgs Doublet Model with an additional scalar

4Next-to-Minimal Supersymmetric Standard Model

SIn particular for this analysis, the simulation of this process is carried out with my = 400 GeV.
This is further described in Chapter 5
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FIGURE 2.3: Production of long-lived spinless bosons X, which sub-
sequently decay to dileptons

allow operations under spin states are added and, as a result, the value of a spin
state changes by 1/2 [23]. In other words, SUSY is a symmetry involving bosonic
and fermionic degrees of freedom, meaning that for every SM boson there is a new
fermion with the same quantum numbers and for every SM fermion, there is a new
boson with the same quantum numbers; such new particles are referred as super-
symmetric partners [20]. However, supersymmetric particles have not been observed
yet, pointing out that, in order for SUSY to hold, the symmetry between fermions
and bosons must be broken and their supersymmetric partners should have larger
masses (100 GeV- 1 TeV) [25].

The Minimal Supersymmetric Standard Model (MSSM) is the simplest SUSY
model that includes the SM which, besides to add the supersymmetric partners to
each SM fermions and SM bosons, it also includes 5 supersymmetric partners of
the Higgs Boson. In this model, a new symmetry is introduced, called the R-Parity,
which is conserved and their values for SM particles and SUSY partners are 1 and
—1, respectively. Within the MSSM, LLP could arise through a hierarchy of mass
scales [22] or as a result of the R-parity symmetry approximation [26] that will be
further described in the following subsection.

RPV Supersymmetry

The MSSM let to write renormalizable operators that violate baryon and lepton num-
bers as it predicts new scalar fields charge under SM gauge interactions. However,
such flavor violations are constrained by low-energy experiments and thus, the mi-
nimal solution lies in imposing a global symmetry, called R-parity, to such renor-
malizable operators [20]. Under the R-parity symmetry, the lightest supersymmetric
particle (LSP) is stable, pair-produced and, in principle, its signature can be detected
through MET at LHC. Since searches on LSP have yielded no results, a plausible ex-
planation is that SUSY manifests itself in a non-minimal way, in which R-parity vio-
lating interactions could be consider as sufficiently small and therefore, LSP could
decay to SM particles via those interactions. As a result, LLP emerge as a feature
of RPV operators being highly constrained from flavor measurements, resulting in
small RPV couplings [17]. This theory is called RPV Supersymmetry and is an exten-
sion of the MSSM [20, 26].



Chapter 3

The Experimental Device

The outgrowth of experimental studies of nuclear and cosmic-ray physics have made
possible the study of interactions of particles at relatively high energies (up to 100
MeV) and thus to understand their behavior at small distances (~ 10~m). Nev-
ertheless, the reliability of the observations in cosmic rays were not enough given
their uncertain composition and diverse energy and momentum; as a result, particle
accelerators were necessary in order to achieve higher trustworthiness and repro-
ducibility as well as higher energy regimes. Thus, modern particle physics began
to explore further the basic components of matter and their interactions as particle
colliders were becoming more powerful [27, 28].

On the other hand, despite the great success of the Standard Model (SM) to de-
scribe phenomena up to energies around TeV provided by high energy colliders,
there are still open questions that point out to the existence of physics beyond the
Standard Model (BSM). Consequently, improvements on experimental setups such
as higher luminosity along with searches for new and exotic particles that could give
a hint on a deeper theory, are being carry out. In particular, the Large Hadron Colli-
der (LHC), the most powerful and largest particle accelerator in the world, aims to
find experimental explanation to answer such questions [29, 28].

Furthermore, large particle detectors are built around the LHC to analyze a va-
riety of particles produced at the four location points of collisions. One of them, the
Compact Muon Solenoid (CMS) allows to depict a wide range of physical phenom-
ena and to measure the properties of discovered particles with high precision. With
the purpose of understanding better the experimental setup of the present work,
this chapter provides a brief introduction on both the LHC accelerator and the CMS
detector.

3.1 The Large Hadron Collider

The Large Hadron Collider is a superconducting synchrotron built by the European
Organization for Nuclear Research (CERN), located across the Swiss and French bor-
derline near Geneva. The LHC machine is a circular proton-proton (pp) collider as
well as a heavy ion collider with a perimeter of 27 km, about 100 m underground
[30]. This accelerator complex is formed by 8 sectors (LINAC2 and 3, PSB, PS,
SPS,AD,ISOLDE, LEIR) interconnected through 4 straight regions of 540 m, where
the detectors are located: ALICE !, CMS 2, LHCb 3 and ATLAS *. A schematic view
of the LHC is shown in Figure 3.1.

1A Large Ion Collider (ALICE) [31]
2Compact Muon Solenoid (CMS) [32]

3 Large Hadron Collider Beauty (LHCb)[33]
4A Toroidal LHC ApparatuS (ATLAS) [34]
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At the beginning of the accelerator chain, protons are obtained from the injection
of Hydrogen gas into the metal cylinder, known as Duoplasmatron, surrounding it
with an electric field to break down the gas into its constituents. Afterwards, pro-
tons are sent to the linear accelerator (LINAC2) where they are accelerated up to 50
MeV and heavy ions are sent to LEIR. Soon, protons reach energies of up to 1.4 GeV
at the circular accelerator known as Proton Synchrotron Booster (PSB) and in few
microseconds they are injected into and accelerated in the Proton Synchroton (PS)
and Super Proton Synchrotron (SPS) to 25 GeV and 450 GeV, respectively. Finally,
protons are transferred to the LHC Ring, both in a clockwise and counterclockwise
direction, reaching energies of 13TeV after 12 “supercycles” [29, 30].

CERN's accelerator complex

2008 (27 km)

LHC Large Hadron Collider ~ SPS Super Proton S

Decelerator CNGS Cern Ne
' Low Energy lon Ring  LINAC LINear ACcelerator

["1 European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire © CERN 2008

FIGURE 3.1: The CERN accelerator complex. From (Lefevre, 2008) [35].

3.2 The CMS Experiment

The Compact Muon Solenoid (CMS) is a general-purpose detector which central fea-
ture is a superconducting solenoid, with an internal diameter of 5.9 m that provides
an axial field of 3.8 T. Within the field volume are the silicon pixel and strip tracker,
a fully active scintillating crystals-based electromagnetic Calorimeter (ECAL) and a
Hadronic Calorimeter (HCAL); making CMS a relatively compact detector [1]. With
all that, the CMS has been design to make measurements in a wide range of high en-
ergy physics spectra: from Standard Model properties to search of exotic processes.
A schematic view of the CMS experiment can be found in Figure 3.2.

The main goals of CMS are to explore and address physics at the TeV scale and
to be prepared for searching of new particles. To achieve that, the detector require-
ments are summarized as follows [36]:
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e Good muon identification and momentum resolution, ~ 1% di-muon mass
resolution at ~ 100GeV /c? and the ability to determine unambiguously the
charge of muons with momentum up to 1TeV /c.

e Good charge particle momentum resolution, di-photon and di-electron mass
resolution, hermeticity and efficient photon and lepton isolation at high lumi-
nosities.

e Good MET and di-jet mass resolution requiring hadron calorimeters with large
hermetic coverage and fine lateral segmentation.

The four CMS subdetectors: The silicon tracker (3.2.2), the ECAL (3.2.3), the
HCAL and the Muon System (3.2.4) will be described in the following subsections of

this chapter, together with the trigger and datasets (3.2.1) necessary to select events
of interest.

CMS DETECTOR STEEL RETURN YOKE

: 14,000 tonnes 12,500 tonnes SILICON TRACKERS

er :15.0m Pixel (100x150 wm) ~16m* ~66M channels

1287 m Microstrips (80x180 wm) ~200m? ~9.6M channels
:3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
‘Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

FIGURE 3.2: Sectional View of the CMS detector. From (Sakuma,et.al,
2014) [37].

3.2.1 Trigger, Datasets and Simulated Samples

The LHC has an event rate of ~ 1GHz, about one billion proton-proton interactions
per second, making data acquisition and storage capacity a challenge. To overcome
this, a trigger system able to select potentially interesting events and reduce the ac-
quisition rate was implemented and currently employed for each of the different
experiments at CERN [38]. In particular, the rate acquirable by the CMS experi-
ment is around 1kHz, where its trigger system is divided in two levels: Level-1 (L1)
trigger and the High Level Trigger (HLT). The first one, based in hardware on the
calorimeter and muon system, provides an output rate of 100kHz. On the other
hand, the HLT relies on software designed to reconstruct the particle flow from com-
plex “link” algorithms able to synchronize information from each sub-detector and

Isee Chapter 4 for a more detailed discussion.
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to reject uninteresting events [39, 40]. This last trigger reduces the ratio to about
1kHz and contributes to achieve a good resolution and online event reconstruction
for the experiment [41].

X . Muon Trigger
Calorimeter Trigger
oT
csC RPC
CuOF
ECAL HCAL HCAL
w5 HB/HE uHTR HF uHTR ‘
| = 18
M= New SC ‘
& fan-out
& New SC
Sy &fan-out
CaloTr Layer 1
UL Muon Track-Finder Layer
Endcap  Overlap Barrel
Sorting/Merging Layer
Endcap  Overlsp Barrel

Calo Triggar Layer 2 ‘

Global
Muon Triggar

Global
Trigger

(A) L1 Trigger architecture
CMS Preliminary 13 TeV

average pileup 42.5+0:1
100 net lumi it (13 0:03)x10° Mz cm:
1

events / 5 [ms]

TR

. average processing time 149+ 1 ms

-’

i e W W
500 1000 1500 2000 2500 3000
processing time [ms]

(B) HLT processing time (Set,2019) [40]

FIGURE 3.3: Scheme of Level-1 Trigger and the HLT processing time

Furthermore, datasets are defined according to the particle flow reconstruction
given by the High Level Trigger. Specifically, the primary datasets are defined by
a set HLT paths that target different physics processes and thus, collect events with
similar physics content [42]. In the present analysis, events were collected by the
CMS detector at the LHC during Run II at a centre-of-mass energy of 13TeV, and
selected from data samples corresponding to 35.87 fb~! of integrated luminosity.

Simulated samples are used in this analysis for signal and the main 2 background
processes: Drell — Yan and ttbar pair production. For signals PYTHIA v8 [43] is used
to simulate H production through gluon-gluon fusion.

The tt events are generated using POWHEG (v2) [44], while Drell — Yan production
is simulated using MADGRAPH5aMC@NLO [45]. In both cases, PYTHIA v8 is used for the
parton shower. After this generation step, the simulation of the response of the CMS
detector is carried out with GEANT4 [46].
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3.2.2 The CMS Tracker

The measurement of momenta and tracking detection of charged particles is a fun-
damental aspect of high energy physics experiments. While the measurement of
energy is mostly provided by calorimeters (see Subsection 3.2.3), the momenta are
measured by precise tracking systems in a magnetic field: By detecting the ioni-
sation of charged particles, it is possible to reconstruct the “trail” of ionised atoms
and measure the curvature of the particles’ trajectory along the magnetic field (see
Figure 3.4). Moreover, high precision vertex detectors are positioned near the inte-
raction point, allowing to recognized secondary decay vertices which are displaced
from the collision [47].

p-type ~25um Amplified -
silicon — signal

- 250 um n-type -

(A) Schematic view of a traversing particle in a silicon () Track reconstruction in
detector. a silicon detector.

FIGURE 3.4: Traversing particle in silicon detectors. From (Thom-
son,2019) [48]

Accordingly, the purpose ot the CMS tracker detector is to reconstruct the pri-
mary and secondary vertices of an event, as well as to measure the momenta of
charged particles. The tracking detector is located in the innermost region of the
CMS experiment (see Figure 3.2) and it is arranged in multiple silicon layers capa-
ble of measuring the position of a traversing particle [49]. Due to the high track
density achieved by its proximity to the interaction point, the current CMS tracker
is entirely composed by silicon micro-strip and pixel detectors, providing a high
position-sensitivity resolution. In addition, there are many advantages by using sili-
con detectors in the CMS tracker, such as: Excellent detection capabilities (e.g. high
efficiency and fast charge collection) and the availability of developed technology
for complex and granular sensors [47].

(A) The pixel Tracker. (B) Geometry of the Tracker

FIGURE 3.5: The Silicon Pixel Detector (SPD). From (Sakuma,et.al,
2014)[37]

la collision between two protons.



Chapter 3. The Experimental Device 12

Furthermore, the CMS tracker system consists of a cylindrical volume of 5.8m
in length and 2.5m in diameter, with its axis aligned to the LHC beamline. On the
one hand, the Silicon Pixel Detector (SPD) located in the inner part of the tracker is
compressed in three barrel layers and four end-cap disks. It has around 1000 silicon
sensor modules segmented into 66 million (150 x 100)um? pixels which provides
three-dimensional position measurements of the hits arising from their interaction
with charged particles [50]. In total, the SPD covers the region of || < 2.6 and
basically, it is used to reconstruct secondary vertices. On the other hand, the Silicon
Strip Detector (SSD) surrounds the three barrel layers of the SPD with ten layers
of micro-strip detectors. It has approximately 15000 silicon sensor modules finely
segmented into 9.6 million 80-to-180 pm wide strips [49].

CMs CMS
T T T T T

= [ T T 1 < T T
é 25 _—D Support Tube [l TOB I Pixel T = 0.7 t [ |Support Tube [l TOB M Pixel .
L []TEC e and Tip [l Beam Pipe | [ClTec T and o [l Beam Pipe |
- 1 0.6 E
0.5 3
0.4F =
0.3 -

0.2

0.1

FIGURE 3.6: CMS Tracker material budget. Total thickness ¢ of the

tracker material as function of pseudo-rapidity 7, expressed in units

of radiation length X (left) and nuclear interaction length A; (right).
From (The CMS Collaboration, 2014) [49].

The SSD consists of 4 subsystems: The Tracker Inner Barrel (TIB), the Tracker
Inner Disks (TID), the Tracker Outer Barrel (TOB) and the Tracker EndCaps (TEC).
The first two, the TIB and TID, provide position measurements in the r¢-plane with
a resolution of ~ 13 — 38 um. The TOB provides a resolution of 18 — 47 um within
r > 55cm and |z| < 118cm in the r¢-plane. And lastly, the TEC covers a region of
(124 < |z|] < 282)cm [49]. To summarize, the spatial resolutions achieved by the
CMS tracker are shown in Table 3.1.

Subsystems CMS Tracker Detector
Location Resolution (r¢) Resolution (z)

SPD (barrel) 44 <r <102cm - 15um 11-17 ym

SPD (endcap) 34.5 < |z| <465cm - 15um 90 um

SSD (TIB) 20 <r < b55cm - 13um 38 um

SSD (TID) 58 < |z| <124cm - 15um um

SSD (TOB) 55 <r <116 cm - 18um 47 ym

SSD (TEC) 124 < |z| <282cm - ~18um ~47 um

TABLE 3.1: A summary of location and resolution of the subsystems
in the CMS tracker detector.
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As shown in Figure 3.6, the layers of SPD and SSD have considerable amount of
material in front of the calorimeters. For instance, the material budget ! reaches 180%
of radiation length at 7 = 1.5, mostly due to TEC. This represents a limitation to the
resolution of the electromagnetic calorimeter, since particles are loosing energy in
the layers before reaching the calorimeters [50, 51].

3.2.3 The Electromagnetic Calorimeter (ECAL)

As charged particles leave hits in the tracker and muon systems (see Subsections
3.2.2 and 3.2.4), the electrical signal produced by their passing through calorimeters
can be interpreted as energy deposits. In that sense, the CMS experiment is equipped
with an electromagnetic calorimeter (ECAL) made of lead tungstate (PbWOy) crys-
tals and photodetectors specially designed to operate within the high magnetic field
(3.8 T). This allows to precisely measure the energy of electrons and photons together
with a fraction of the energy of jets coming from electromagnetic showers [39, 52].

Crystals in a Freshawer
supermodule

Supercrystals

¥ A\
Modules

Preshower

!
End-cap crystals

FIGURE 3.7: Layout of the CMS ECAL, showing the barrel, the two
endcaps and the preshower detectors.From (Chatrchyan et.al, 2010)
[53].

The ECAL, composed of a barrel section and two endcaps, is located between
the tracker detector and the HCAL!. The barrel covers a region of (|| < 1.479)
and consists of 61200 crystals formed into two rings of 18 so called "supermodules”
[54]. On the other hand, each endcap is made of 7324 crystals and, together covers
a pseudo-rapidity range of (1.479 < |n| < 3). In addition, pre-shower detectors
composed of silicon micro-strips are added in front of each endcap; covering a range
of (1.65 < || < 2.6) [54, 55]. The structure of the ECAL is shown in Figure 3.7.

"n other words, the detection efficiency in the tracker fiducial volume
Hadronic Calorimeter
21700 crystals comprised of ~ 26Xj.
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3.2.4 The Muon System

The CMS experiment was designed to be a powerful muon spectrometer and thus,
one of its most important tasks is the precise measurement and detection of muons.
In order to efficiently trigger and identify them, the CMS muon system is composed
of three layers of steel interleave with four detectors, as shown in Figure 3.8. The
detectors are based in three different technologies: Drift Tubes (DT) chambers in the
barrel, Cathode Strip Chambers (CSC) in the endcaps and, complementing the CSC,
the Resistive Plate Chambers (RPC).

R (cm)

CsC
)

x
1000 1200
Z (cm)

) (B) Longitudinal View of one quadrant of the
(A) Lateral View. CMS.

FIGURE 3.8: Schematic view of the CMS muon system. On the left,

the lateral view shows the trajectory of a muon. On the right, the DT

stations in the barrel (green), the CSC stations in the endcap (blue)
and the RPC stations (red) are presented.From (Paolucci, 2005)[56]

The pseudo-rapidity regions cover by the DT chambers and CSC are (|| < 1.2)
and (0.9 < |y| < 2.4) respectively, while RPC covers the range (77| < 1.6) [39]. On
the other hand, the reconstruction involves both the muon detectors and the inner
tracker and therefore, it improves the resolution for muon transverse momentum
from 8% — 15% at 10GeV to 1% — 1.5% at 10GeV, and from 20% — 40% at 1TeV to
6% — 17% at 1TeV [52].
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Chapter 4

Event Reconstruction at CMS

The pp collisions at LHC produce a large amount of signatures that leave an electri-
cal signal in each CMS detector, as described in Chapter 3. Thus, the proper identi-
fication and reconstruction of high-level physics objects? is carried out by advanced
algorithms, which are specifically designed to take the raw pieces of information
provided by the signals. This information is associated together to determine points
(i.e hits) in the particle trajectory and therefore, used to determine the type of parti-
cle and its properties: momentum, charge and energy. In particular, the particle flow
(PF) algorithm deployed in the CMS experiment allows high performance for the re-
construction of MET and jets as well as for the identification of muons and electrons,
by coherently combining information for the different subdetectors [57, 39].

In this chapter, a general description is given for the reconstruction of specific PF
elements used in the present analysis: muons and electrons along with primary and
secondary vertices reconstruction.

4.1 Muon Reconstruction

Muons are well known for being fundamental charged particles and for having re-
latively small energy loss in matter, in contrast with other charged particles. As a
result, they easily pass through the CMS detector before decaying, allowing them
to be tagged as stable by the reconstruction algorithms. Additionally, the muon sig-
nature is identified by quantifying the compatibility between reconstructed tracks
in the inner tracking system and the hit information in the muon detectors along
with small energy deposits in the calorimeters [58, 59]. As such, identification and
reconstruction algorithms are designed to identify muons with high efficiency and
low probability of misidentification, together with a good specification of their pas-
sage through detectors.

This section gives an overview of the different algorithms to reconstruct a muon
as a PF candidate. Essentially, there are two main algorithms depending on the
information used,

o Standalone Muons (SM): Based on information from the muon system.

o Global Muons (GM): Based on hits in the muon system and the silicon tracker.

The interest f the present analysis relies upon these two algorithms (SM and
GM), including the displaced counterparts introduced in Run 2 (displaced SM and
displaced GM); the following subsections will focus on the previously mentioned
algorithms.

2such as the particle-flow algorithm (PF)
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Standalone Muon Reconstruction

The standalone algorithm is built by exploiting information from the different sub-
detectors in the muon system.Those that present an electric response participate in
the offline reconstruction in which track segments are built using a linear fit.

As an initial estimation, these segments are used to generate seeds consisting of
position, momentum and direction vectors for the Kalman-Filter technique®. Subse-
quently, the fit performed is propagated to the next chamber (known as prediction) in
order to search for a compatible segment, called measurement, to properly reconstruct
the trajectory of the muon [59, 61]. In essence, standalone muons come from the in-
formation gathered in the CSC, DT and RPC subdetectors (see Chapter 3) allowing
the reconstruction of a muon trajectory using a Kalman-Filter technique [62].

Global Muon Reconstruction

The global muon algorithm extends the muon trajectories in the muon system by in-
cluding hits in the silicon tracker. The reconstruction starts from a standalone muon
track, where the muon trajectory is extrapolated from the innermost chamber to the
outer tracker system, looking for a match between standalone muon and tracker
tracks? [63, 61]. The compatibility of both tracks is based on the extrapolated trajec-
tory’s parameters and their corresponding uncertainties, with the assumption that
the muon originates from the interaction point. Once the best matching is selected,
a combined fit using all hits in both tracks is performed with the Kalman-Filter pro-
cedure and as a result a collection of tracks referred as Global Muons is obtained [61].

The momentum resolution for a muon track of pr < 200GeV /c is driven by
measurements in the silicon tracker (tracker muons). Nevertheless, as momentum
increases and the curvature of its track decreases, momentum resolution becomes
limited and approaches as the global muon reconstruction improves the pr measure-
ment by fully exploiting the information from both tracker and muon detectors [63].

‘ standalone
\ i

tracker only

B

global

i

/ MB2
[

FIGURE 4.1: Schematic view of a cosmic muon crossing CMS: .From
(CMS collaboration, 2010) [63].

Displaced Standalone Muon (DSM) Reconstruction

In contrast to the standard standalone reconstruction, the new algorithm for Run 2 is
designed for muons produced in decays far away from the interaction point as well
as for decays with a significant delay with respect to the time of collision. Similar
to the standard algorithm, segments in the muon chambers are seeded by groups

Lsee Track Reconstruction in the CMS Tracker, page 143-147, T.Speer,et.al[60]
2Tracks reconstructed in the tracker system
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and for each seed, a muon track is reconstructed using the Kalman-Filter Technique
with the difference that there is no constraint to the interaction point. In addition,
the DSM exploits information from a new algorithm for segment reconstruction in
the barrel Drift Tube (DT) chambers, allowing a better performance for out-of-time
particles®. It has also been implemented for the HLT, bringing a significant improve-
ment to the trigger efficiency for both displaced and delayed muons [64].

Displaced Global Muon (DGM) Reconstruction

The new implementation for global muons is designed for displaced-in-time muons
produced within the inner tracker volume, where hits leaved by a muon in both in-
ner tracker and muon chambers are taken into account. The new global muons arise
as a way to optimize the reconstruction for displaced muons with the help of a spe-
cific displaced-muon tracking (DMT) implemented in the inner tracker [64]. Basically,
the displaced-muon tracking is seeded by the DSM and, as previously mentioned,
it does not use constraints to the interaction point in the pattern recognition nor the
track fit. Finally, as the best match between DSM and DMT is found, the fit is per-
formed and the displaced global muons are obtained.

For this study, the thresholds for the two tracks of muons candidates must satisfy
pr > 25 GeV/c and, also, must be oppositely charged [1]. Additionally, the recons-
truction chosen for muons was DGM since the LLP of interest are assumed to decay
in the tracker and thus, their decay length (cT) should be below than ~ 600 cm [1, 22];
in contrast to DSM that allows to reconstruct muons that decay beyond the tracker
detector and therefore, LLP with longer lifetime could be explored. Nonetheless, the
prior reconstruction used in Run 1 was based on identifying muons as tracks that
can be matched to trigger objects (SA muons) from a given HLT path within a cone
of size AR < 0.1 and disregarding any PV constraint, where both tracks and SA
muons are extrapolated to the beamline [59]. One motivation of the present study is
to compare the performance between both muon reconstructions: Muon Runl-like
and DGM Run2-like algorithms.

4.2 Electron Reconstruction

Electrons, known for being charged and electromagnetic particles, interact with the
tracker system and the electromagnetic calorimeter (ECAL) in the CMS experiment.
As electrons propagate through the tracker layers, they lose energy due to bremss-
trahlung and start to emit photons before they reach the ECAL. Thus, by the time
electrons reach the calorimeter, an electromagnetic shower is produced and most of
its energy is deposited and clustered together by a small number of crystals. Hence,
to reconstruct the energy of the primary electron it becomes necessary to recognize
and combine each energy deposit* from the bremsstrahlung photons produced by
the electron. In summary, the first stage for the electron reconstruction consists of
combining clusters from the ECAL and thus to measure the electron energy, known
as superclustering [65, 25]. Since the electron signature also involves hits in the in-
ner tracker, the next step is the tracking algorithm. Then, a match between both
the track and the energy is carried out to finally be combined as the full electron
trajectory [52].

3see Performance of the Mean-Timer Algorithm
4Also known as cluster
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FIGURE 4.2: Schematic of atypical signatures arising from BSM LLP
in the detectors at LHC. From (Alimena et.al, 2019) [22].

Supercluster Reconstruction

The signals due to electrons or photons in the ECAL are stored in small crystals (See
Chapter 3.2.3) and the energy deposit is usually spread out over several crystals in
the ¢ coordinate, when photons and electrons are irradiated via bremsstrahlung.
Therefore, clusters are gathered together,starting from the crystal with an energy de-
posit above a certain energy threshold (seed) and adding the corresponding energy
in adjacent crystals. As a result, a group of crystals around the seed is obtained and
called Supercluster (SC). The SC energy corresponds to the sum of energies of all its
clusters and it is essential for measuring accurately the initial energy of the electron
[52, 65, 25].

Electron Track and GSF Reconstruction

Despite the fact that electron tracks can be reconstructed using the Kalman-Filter
Technique used for muon reconstruction, a dedicated tracking algorithm is used for
electrons because of their radiative losses in the tracker material. As the SC is ob-
tained, its position and energy are used to extrapolate the electron trajectory towards
the nominal vertex in order to find compatible hits in the tracker. Once the tracker
seeds are set up, they are then fitted using a Gaussian Sum Filter (GSF). The final
reconstruction is the merging of the SC and track information [65, 66, 25].

4.2.1 Electron Reconstruction for Displaced Vertices

As previously discussed (see Chapter 3.2.1), the LL particles candidates here con-
sidered decay to a pair of charged-leptons. With the purpose to improve the effi-
ciency for reconstructing leptons from displaced vertices, the selection criteria for
the electron channel are slightly tuned and they are separated into photon candidate
and electron candidate.

Photon Candidate

Photon candidates are identified as ECAL energy clusters that are not linked to other
charged particles’ trajectory in the calorimeter. Photons considered in this analysis
are required to satisfy for the leading(subleading) photons: pr > 30(20) GeV/c and
|n| < 2.5 [67]. Once an energy deposit in the ECAL is reconstructed as a photon,
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the match with a track within a cone of size AR < 0.1 is performed, in order to be
identified as originating from an electron [1].

Electron Candidate

The thresholds for electron candidates are slightly more stringent than the trigger
requirements, in order to ensure a high trigger efficiency. The selection criteria for
the leading(subleading) electron must satisfy Er > 40(25) GeV and the two tracks
associated to the higher(lower) Er electron must also satisfy pr > 41(28) GeV/c.
The latter allows to suppress electrons that emit large amounts of bremsstrahlung

[1].

4.3 Vertex Reconstruction

The reconstruction of vertices of charged particles in the CMS experiment relies on
the tracker detector and can be decomposed in two parts: vertex finding and vertex fit-
ting. The first one consists in a pattern recognition problem, which the main purpose
is to disentangle vertices in difficult topologies (i.e. from decay near the interaction
point) [68]. The latter, vertex fitting, is a statistical problem that aims to compute
the location of an interaction vertex from a given set of reconstructed track through
the Kalman-Filter technique [68, 69]. In this section, the primary and secondary ver-
tex candidates are briefly described with special emphasis on criteria required for
selecting leptons tracks from a LL candidate.

4.3.1 The Primary Vertex

The pp collisions are selected when events contain a primary vertex with no more
than 2 cm displaced from the nominal interaction point transverse to the beamline
and no more than 24 cm in the direction along the beam. Additionally, the primary
vertex is required to be associated to at least 4 tracks [1]. Essentially, primary vertex
candidates are obtained by clustering preselected tracks based along the beamline,
where their impact parameter significance and pr are taken into account. After-
wards, a vertex fit is performed to estimate the vertex position using sample of tracks
compatible with being originated in the interaction region. The primary vertex se-
lected is the one with the highest sum over pzT of associated tracks [70, 69].

4.3.2 The Secondary Vertex

Secondary vertex candidates are set after selections on the primary vertex and upper
cuts on the invariant mass, using a robust fitter called "Trimmed Kalman Vertex Fit-
ter”> (TKF). The secondary vertices are fundamental to identify heavy flavor decays
and have been used as well in b-tagging algorithms [70, 72]. For highly displaced
vertices, the lepton identification requirements are less stringent than the standard
CMS algorithm, in order to maximize the efficiency of reconstruction. The pseudora-
pidity region is imposed to be || < 2, since tracks from displaced vertices decreases
at large |7| [1].

5see Section 2.5,T.Speer[71].
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Chapter 5

Analysis

The present study is based on an ongoing analysis of searches for long-lived par-
ticles that decay into final states containing displaced leptons in the Run 2 of the
LHC, using 2016 data collected with the CMS detector in proton-proton collisions at
v/s = 13 TeV. In particular, this study focuses on the generated samples produced
with PYTHIA v8, which benchmark model is BSM H — XX — 4l (4u/2u2e/4e),
where the generated non SM-Higgs boson mass was chosen to be mpy = 400 GeV,
the scalar X boson mass was set up to be mx = 50,150 GeV with mean proper life-
times times T, such as ¢t = 4,40,400 mm.

The main purpose of the given analysis is to estimates signal sensitivity from in-
formation of generated long-lived particles for a given c7, in a way that could help to
optimize cuts at analysis level. For doing so, it becomes necessary to know how ef-
ficient lepton and displaced lepton reconstructions are for the different samples and
to choose which signal provides the best trade off between efficiency reconstruc-
tion and background rejection. Additionally, this study aims to compare the perfor-
mance for two different reconstruction algorithms for muons: the Muon Runl-like
and DGM Run 2-like algorithms.

This chapter is dedicated to discuss the results obtained: Section 5.1 covers the
description of the signal of study, lepton candidates and secondary vertex recons-
truction efficiencies (Subsections 5.1.1, 5.1.2) and the overall efficiencies to compare
different reconstruction algorithms are shown in Subsection 5.1.3. Secondly, Sec-
tion 5.2 gives an illustration of the signal sensitivity and optimization of cuts ap-
plied; and finally, Section 5.3 offers a way to extrapolate previous results to estimate
signals for other values of cT, where there is accessibility to the events generation
but lack of CMS reconstruction for such values of ¢7. Also, in Subsection 5.3.1 a brief
comment on some aspects that could be matter of further studies is given.

5.1 Standard Event Reconstruction Efficiency and Misidenti-
fication

As mentioned before, this analysis is based on MC simulations of BSM H — XX
signal model and the samples are listed in Table 5.1, where they were produced for a
given BSM Higgs boson mass m, two combinations of LLP masses (mx) and differ-
ent mean proper lifetimes. For the sake of simplicity, the final state here considered
is the one in which one long-lived particle decays to two muons and the other to
two electrons (2u2¢). The main backgrounds taken into account are: QCD yielding
to dileptons, Drell-Yan yielding to dileptons, W+]Jets, Diboson processes and TTJets,
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as shown in Figure 5.1. In addition, Table 5.2 summarizes the selection requirements
along with the dedicated triggers to collect data containing long-lived particles.
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FIGURE 5.1: Data and Monte Carlo comparison in Signal region for
ete™ channel (left) and u "~ channel (right). From (CFMadrazo, et.al,
2019) [73]

Such backgrounds for MC simulation were selected as this study deals with
displaced leptons and all Standard Model processes present promptly signatures.
Therefore, the main background is instrumental. Additionally, the control and sig-
nal region are defined for |[A®| > 71/2 and |AD| < 71/2, respectively and being |AP|
the collinearity angle in the transverse plane between the dilepton pr vector and the
transverse decay length Ly,.

Samples Parameters

mp(GeV/c?) mx(GeV/c?) ¢T (mm)
Sample 1, 2, 3 400 50 4,40,400
Sample 4 400 150 400

TABLE 5.1: Simulated Signal Samples H — XX used in the present
analysis

The LLP candidate is, thus, selected per event when baseline selection to dilepton
candidates are fulfilled, as described in Table 5.2, where it is considered the maxi-
mum |dy| /0y for the pair of leptons. Lepton tracks are required to have an impact
parameter significance |do|/0; > 5(3.5) for electrons(muons), with respect of the
primary vertex. This provides a good background rejection together with a high
efficiency for the different signals, as shown in Figure 5.1.

Moreover, it is important to highlight what the generated level and reconstruc-
tion information are together with their main differences, as it will be mentioned
along the analysis. Events generation is the first step to simulate MC samples, which
aim is to give a description of outgoing particles produced in a hadron collision by
means of general-purpose generators such as Pythia v8. After simulating the hard
process, the detector electronic responses due to a particle passing through is repro-
duced and further reconstructed, so as to generate samples comparable to data. The
latter demands more computing resources and time.
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5.1.1 Lepton Reconstruction Efficiencies

The motivation to study lepton reconstruction efficiencies is to understand how well
lepton candidates are being selected for different LLP lifetimes (such that the mean
transverse decay lengths ct are as shown in Table 5.1), including two different kine-
matics for the LLP (mx = 50,150 GeV). Also, a first approach to compare the re-
construction efficiency between Muons-Run1(MR1) and Displaced Global Muons
(DGM) as function of pr, 1, Ly is illustrated.

Baseline Selection Requirements

Channel
Min. Isotrack Min. Superclus- Max. |7|
pr(GeV/c) ter E7(GeV)
Electron (ee™) 41,28 45,25 1.442
Muon (u*u~) 45,25 - 2.0
HLT_L2DoubleMu28_NoVertex_2Cha_Angle2p5_Mass10
HLT paths

HLT_Photon42_R9Id85_0ORCaloId24b40e_Iso50T80L_Photon25AND_HE10_R9Id65_Eta2_Mass15

TABLE 5.2: Baseline selection requirements and HLT paths of the on-
going analysis of search for LLP decaying to dileptons.

Although this analysis is based on the baseline selection described in Table 5.2,
stringent requirements for this study of efficiencies require leptons at a generator
level to fulfill the following criteria, in order to achieve flatter efficiencies with re-
spect to the lepton pr:

e Both generated electron(muon) pr > 40(40) GeV; Acceptance Criteria (5.1)
¢ Both generated electron(muon) || < 1.442(2.0);

e Generated X boson Ly, < 20.2226(60.0) cm when decaying to electrons(muons).

In addition, for the baseline selection of the present analysis the pr requirement
for reconstruction information was imposed to be 40 GeV for both reconstructed
leptons. The fraction of dileptons at a generator level coming from a long-lived X
that fulfilled the criteria in (5.1) is defined as the acceptance A. Table 5.3 summarizes
the acceptances obtained for chosen leptons when fulfilling the first two and full
criteria required.

Acceptances

Channel

Sample 1 Sample 2 Sample 3 Sample 4

Electron (e*e”)  0.315(0.315) 0.316(0.232) 0.315(0.040) 0.379(0.196)
Muon (u* ™) 0.401(0.401) 0.399(0.388) 0.401(0.134) 0.527(0.443)

TABLE 5.3: Acceptances A for leptons at generator level that fulfilled
cuts of pr, 77 (and Lyy) for each sample.

As shown for electron channel in Table 5.3, the acceptance A for samples with
the same kinematics (Sample 1,2,3) is almost identical when generated leptons are
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selected only taking into account the first two requirements of the acceptance crite-
ria and similarly, for muon channel, although the acceptances obtained are higher
than for electrons, as the requirement for electrons in 7 is more stringent than for
muons. However, when it is also considered the latter requirement for transverse
decay length L., for both electron and muon channels, leptons from samples with
smaller values of ct fulfilled easily the criteria for Ly, as shown for Sample 1, while
for Samples 3,4 acceptances become smaller.
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FIGURE 5.2: Generated L and 7 distributions for Sample 3 (black)
and Sample 4 (red).

Additionally, the fraction of generated leptons after passing criteria in 5.1 for
Sample 3 is significant smaller than for Sample 4, even though both samples have
the same nominal value of ct. This is due to the higher mass splitting of Sample 3
in contrast to Sample 4, where to illustrate this better Figure 5.2 shows the lifetime T
and generated decay length L for Samples 3,4 in two different systems of reference:
CMS or lab and LLP frames. As expected, it is found that both samples show a sim-
ilar distribution when the system of reference is the one where X is at rest, as shown
in Figures 5.2b, 5.2d. On the other hand, flight distances for the scalar boson X in
the CMS frame have great values for mx = 50 GeV as it is more boosted because of
having a greater mass splitting between H and X bosons. In simple words, the main
difference and the reason for the acceptance being smaller for Sample 3, lies in its
mass splitting, where it is observed higher flight distances due to relativistic effects
of time dilation in the CMS.
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FIGURE 5.3: Efficiencies for selecting two lepton (dilepton) candi-
dates (dielectrons and dimuons) that satisfies selection requirements
as function of transverse momentum pr

The lepton reconstruction efficiency is defined for a pair of leptons fulfilling gen-
erated acceptance criteria in 5.1, which are correctly classified as reconstructed by
CMS. The denominator represents a X — 2e(2u) candidate at generator level that
fulfills criteria 5.1, whilst the numerator requires a X — 2¢(2p) candidate at recons-
truction level passing the acceptance criteria together with baseline requirements.
Figures 5.3, 5.4, 5.5 show efficiencies for selecting two leptons candidates coming
from a long-lived particle X with respect to transverse momenta pr of sublead-
ing lepton, leading lepton pseudorapidity 7 and transverse decay length L., cor-
responding to the dilepton mother particle, respectively. All this quantities are eval-
uated at generation level. Additionally, for each figure it is shown efficiencies for
both electron and muon channels, including DGM reconstruction for muons.
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FIGURE 5.4: Efficiencies for selecting two lepton (dilepton) candi-
dates (dielectrons and dimuons) that satisfies selection requirements
as function of pseudorapidity 7

As shown in Figure 5.3a, the efficiency for electrons is flat for pr < 100 GeV, be-
yond that value and in particular, for samples with higher c7, it is observed greater
fluctuations in pr since there are less events to fill efficiencies available. On the other
hand, efficiencies for muon channel, illustrated in Figure 5.3b and Figure 5.4b, are
higher (~ 100%(MR1), ~ 95%(DGM) for Sample 1) in contrast to the efficiency ob-
tained for electrons (~ 65% for Sample 1); this is due to the fact electrons lose more
energy than muons in their passage through the detector, making its reconstruction
harder than for muons. For both MR1 and DGM, efficiencies as function of pr and
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1 are relatively flat with a small decreasing area near the pr minimum cut (40 GeV)
and also, for high values of 7 (7 > 1), where this behavior is more significant for MR1
than DGM. In general, MR1 and DGM efficiencies present a similar behavior with
the exception for Sample 4,where there is an improvement for the DGM algorithm,
since for MR1 efficiency is around ~ 60% for |i7| < 1 and for DGM is ~ 75%.

Electron reconstruction according to its decay length L, in Figure 5.5a indicates
as well a low efficiency for Samples with ct = 400 mm, with an important drop
off for approximately Ly, > 1 cm for all samples. On the other side, efficiencies as
a function of the transverse decay length L,, show a good reconstruction for both
old muon definition (MR1) (see Figure 5.5b) and new muon definition (DGM) (Fig-
ure 5.5¢) til approximately 5 cm for Samples 1, 2, 3, where there is a drop off for
both efficiencies as L., increases.

For instance, for Sample 2 (myx = 50GeV, ¢t = 40mm), MR1 reconstruction ef-
ficiency is around ~ 100% for Ly, < 5 cm and it decreases steadily as it goes be-
yond that value; similarly to DGM reconstruction efficiency although its efficiency
is around ~ 95%. In contrast for Sample 4 which kinematics is different from the
other samples, the reconstruction efficiency for MR1 drops off for values of Ly, > 2
cm and for DGV, it starts to decrease steadily for L xy > 3 cm. This means that DGM
seems to improve the reconstruction for samples with high displaced ct and also, it
presents a slower decrease of efficiency as L,, increases, in contrast to MR1. Such
behavior is being consistent with the observed for pr and 7, since DGM efficien-
cies for Sample 4 improved around ~ 8% the reconstruction in comparison for MR1
efficiencies of such sample.
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FIGURE 5.5: Efficiencies for selecting two lepton (dilepton) candi-
dates (dielectrons and dimuons) that satisfies selection requirements
as function of transverse decay length Ly,

To summarize, as c7 starts to become larger, it starts to lose efficiency for recons-
truction and the number of events where X — It~ with pr,7, Ly, cuts gets sig-
nificant reduced (see acceptances after L,, cut for Samples 3,4 in Table 5.3). Nev-
ertheless, as new algorithms for reconstruct displaced leptons are implemented, it
can lead to higher efficiency of reconstruction for those long-lived particles with ct
around 400 mm, as clearly observed for the case of Muon-Runl reconstruction in
comparison to Displaced Global Muon-Run2 reconstruction.

5.1.2 Secondary Vertex Reconstruction Efficiencies

Secondary vertex reconstruction efficiencies are necessary in order to estimate how
well those pair of leptons already reconstructed are being classified as for coming
from a displaced vertex. In particular, the denominator represents a X — 2e(2u)
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candidate at reconstruction level that satisfies acceptance and baseline criteria (i.e
numerator for lepton reconstruction efficiencies) and the numerator, besides requir-
ing the same as the denominator, it also requires a valid secondary vertex using
reconstruction information.
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FIGURE 5.6: Efficiencies for reconstructing a displaced dilepton (di-
electron or dimuon) vertex that satisfies baseline selection as function
of transverse momentum pr

Figures 5.6, 5.7, 5.8 represent efficiencies for selecting dileptons coming from a
valid displaced vertex as function of pr, 7, Lyy. The secondary vertex reconstruction
for electrons with respect to pr (Figure 5.6a) has an efficiency range between 40% —
60%, where the lowest value corresponds to samples with ¢t = 400 mm and the
highest corresponds to the sample with ¢t = 4 mm; and the efficiency with respect
to  (Figure 5.7a) is quite flat and its values lie more or less in the same range. As
for muons, the MR1 reconstruction (Figure 5.6b) shows a flat efficiency in a range of
30% — 65%, the lowest corresponding to samples with ¢t = 400 mm and the highest
to cT = 4 mm, this behavior is alike to the one with respect to # (Figure 5.7b). On
the other hand, for the DGM it is observed an improvement in the efficiency with a
range between 65% — 85% for pr below than 100 GeV for the corresponding samples
as illustrated in Figure 5.6c. As with respect to 77, DGM reconstruction presents a
quite steady and high efficiency around 68% — 80% for the samples, as shown in
Figure 5.7c.
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FIGURE 5.7: Efficiencies for reconstructing a displaced dilepton (di-
electron or dimuon) vertex that satisfies baseline selection as function
of pseudorapidity #

To complement the former description, secondary vertex reconstruction with re-
spect to Ly, shows a drop off around 2 cm for electrons for all the samples (see
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FIGURE 5.8: Efficiencies for reconstructing a displaced dilepton (di-
electron or dimuon) vertex that satisfies baseline selection as function
of transverse decay length Ly,

Figure 5.8a) and around 6 cm for both MR1 and DGM reconstructions, as shown in
Figure 5.8b and Figure 5.8c. However, for Samples 1,2,3 the DGM reconstruction
increases its efficiency around 7% and for Sample 4 around 10% in comparison
with MR1 secondary vertex efficiency.

As a result, the efficiency to correctly select dileptons coming from a displaced
vertex as function of generated Ly, shows that the criteria for electrons is less ef-
ficient than for muons. In fact, DGM shows a better reconstruction in the whole
Ly, range with smoother decreasing values of efficiency than MR1 reconstruction,
especially from 2 — 5 cm.

5.1.3 Total Efficiencies

In order to compare and give an overall estimation of the reconstruction efficiency
for the long-lived particle of study, total efficiencies for lepton and secondary vertex
reconstruction with respect to the transverse decay length Ly, for each sample is
illustrated in the following figures.
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FIGURE 5.9: Overall standard event reconstruction efficiency as func-
tion of transverse decay length Ly, for sample 50-4mm

In general, Samples 1,2,3 present an overall reconstruction efficiencies alike,
where for X bosons decaying to electrons the efficiency of almost 60% decreases
rapidly as Ly, increases and for muon channel, overall efficiencies present a plateau
til values of Ly, of 5 cm for MR1 (65%) and 10 cm for DGM (75%), approximately.
The main difference between efficiencies for Samples 1,2,3 lies on their statistical
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FIGURE 5.12: Overall standard event reconstruction efficiency as
function of transverse decay length Ly, for sample 150-400mm

fluctuations as it is observed that for Sample 1 there are less events to fill efficiencies
for Ly, values greater than 10 cm, while for Sample 3 fluctuations are found to be
up until roughly 6 cm.

On the other hand, Sample 2 presents a total efficiency with less statistical fluctu-
ations in the overall spectra, meaning that there are enough statistics (events) in the
whole range of L, that satisfied the conditions imposed to lepton and secondary
vertex reconstruction, contrarily to Samples 1,3. Therefore, Sample 2 provides a
wide range of values for Lyy in which there is an event of interest, being an ideal
efficiency description in the Ly, range studied.
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5.2 Sensitivity and Optimization of Signal Cuts

As the motivation is the search for LLP, one goal is to show the experimental sensi-
tivity for this kind of study as well as a way to optimize cuts that allow a fine-tuning
of the signal for statistical significance. In that sense, reconstructed Ly, distributions
for Sample 1,2,3 and their respective figures of merit for the signal significance are
shown in Figure 5.13 and Figure 5.14 and to simplify, the main two backgrounds
here considered are DY and ttbar, since they are the most important!.
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FIGURE 5.13: The reconstructed Ly, distribution for electron (upper
row) and muon (last two rows) channel for Muon-Runl and DGM
reconstruction.

The reconstructed Ly, distributions for both electron and muon channel are il-
lustrated in Figure 5.13 for electron, MR1 and DGM reconstructions, respectively. In
general, according to what it is observed in Figure 5.13, there is a well defined differ-
ence between background and signal for the muon channel, particularly for signal
samples with the two highest values of c7, as shown for Samples 2,3 in Figure 5.13b

DY and ttbar are the main two background in SM containing high pr dileptons with greater cross
sections in the LHC.
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and muon (last two rows) channel for Muon-Runl and DGM recons-

truction. S is the number of estimated events in the signal region and
B is the number of estimated events in the control region.

for MR1 and Figures 5.13c for DGM. As for electrons, however, the difference be-
tween background and signal is not well defined and it is not as straightforward to
see in which values of ¢t is properly defined as in the case for muon channel.

In order to understand better and give a more qualitative signal analysis, Fig-
ure 5.14 illustrates a figure of merit widely used in high-energy physics that provides
a way to exclude, search or find new signals and it is known as Signal Significance. In
particular, the signal significance is here studied with respect to a selection criteria
on the reconstructed Ly,. The expected number of events from signal(background)
above a given L, value is denoted as S(B). The signal significance is defined as
S/+/S + B [74]. In other words, it allows to optimize a selection requirement on Ly,
that provides the best trade-off between signal efficiency and background rejection
for each sample in study.

In the muon channel, as shown in Figures 5.14b for MR1 and Figures 5.14c for
DGM, signal significance is observed to have a higher value for the DGM recons-
truction in contrast to the MR1, with the exception of Sample 1 (teal curve), where
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apparently for X bosons with shorter displacement c7, the significance is better for
MR1 reconstruction. The statistical significance illustrated for the muon channel also
suggests that an optimal cut to improve efficiency of reconstruction with respect to
the reconstructed L,, would be around 2 — 5 cm. In addition, it is observed for
Sample 3 (blue curve) in Figure 5.14c that its signal significance decreases slowly,
meaning that if a greater cut of L, is applied (i.e greater than 2 — 4cm), signal sig-
nificance is higher in comparison to samples with ¢t of 4,40 mm.

While for X bosons decaying to electrons, the signal significance is found to be
higher for samples with lower ct, in other words, the lower the displacement of X
boson, the better the sensitivity of the signal. However, the significance is quite low
in comparison for the one obtained for muons. For instance, for Sample 2 the signal
significance is almost 4 times greater for muons than for electrons.

Additionally, other figures of merit commonly used in high-energy physics were
implemented and considered for this analysis, such as S/ v/B and 1.0/ /B, where
the conclusions derived from them are the same as for S/+/S + B.

5.3 Signal Estimation From Generator Level Information

The number of signal events in data, Njjguq, can be described as the difference be-
tween the total number of dilepton events observed in data N and the number of
estimated background events Np; and it can be estimated by applying the expres-
sion for the signal cross section,

Nsignal = 0(H—=XX) L - A~ Esetection (5.2)

where 0y, xx) is the cross section from the process, L is the integrated luminos-
ity, A is the acceptance (as defined in criteria 5.1), Espjecrion is the efficiency of selection
to reconstruct signal events within acceptance?.

The standard method to obtained the number of signal events Njigu, within
the baseline selection from a given simulated sample is by means of eq. 5.2, us-
ing the values obtained for the acceptance A from generation level information (see
Table 5.3) and the efficiency of selection Ejection is computed as the number of re-
constructed events fulfilling the baseline selection over the total number of events in
the sample.

On the other hand, the method here proposed is also based on eq. 5.2, although
the efficiency of selection Eection for a given ¢t is computed exclusively from gen-
eration level information. Additionally, it is used reconstruction level information
from a sample with ¢t of reference to parameterize the reconstruction efficiency with
respect to the generated L,,, as mentioned in Subsection 5.1.3 for Figure 5.10. In this
Subsection, it was found that the sample that better parameterize the efficiency is
Sample 2, since it allows a better description in the whole range of L,, without hav-
ing many statistical fluctuations.

The simulation of particles through the detector is a complex process that re-
quires several computing resources from the CMS experiment and, also, a demand-
ing amount of computing time (weeks and even months), while the generated level
information is a faster process, as briefly mentioned in Section 5.1. Hence, the main
motivation of implementing this method is to provide an estimation of the number
of signal events for a given ct, using only the generation level information for such

2In the present study, only signal events within the phase space corresponding to acceptance criteria
are considered.
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sample and reconstruction level for the parameterized sample of ¢t in the interme-
diate range of interest?, in order to save computing resources and time.
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decay length Ly, when X — e~et. For the 2016 dataset at CMS,

Luminosity is £ = 39.5fb~! and cross section of O(H-xx) = 632.1fb
(677.3fb Sample 4) estimated by PYTHIAvS

Figures 5.15, 5.16, 5.17 illustrate the estimation of the number of signal events
using the standard method (blue curve), meaning that the information used is at
generated and reconstructed level, and using the proposed method (black), where it
is used only generation level information for given ct.

For the electron channel, it is observed a reasonable agreement for the method
proposed with the standard one for those samples with the same kinematics, such as
Samples 1,3 which values of ¢t are 4,400 mm, respectively (see for electron channel
Figures 5.15a, 5.15c). However, for the sample with ct of 4 mm, there is a weak
disagreement for values of generated L,, greater than 1 cm (Ly, > lcm), this might

3 An even more optimal choice for this purpose would be the usage of a (non-physical) simulated
sample with a flat Ly, spectrum.



Chapter 5. Analysis

33

be caused by its abrupt behavior in the reconstruction efficiency around this range
of Lyy, as illustrated in Figure 5.10a.
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On the other hand, for scalar bosons X decaying to muons, for Samples 1,3 the
model gives a good estimation of the number of signal events Nj;g,q1, as observed
in Figures 5.16a and Figure 5.16b, where both distributions are compatible. It is
important also to notice that for both cases (electron and muon) the estimation of
Nsignar is in good agreement between both methods used for Sample 2, as expected.

As for long-lived particles X with different kinematics as the case of the number

of signal events for Sample 4, Figure 5.15d and Figure 5.16d show a significant dis-

crepancy between both methods implemented. They are included to emphasize that
the kinematics, such as different mass splitting between H and X and how boosted

the X particle is, plays an important role to describe Ng;,, and thus, as it was ex-

pected, there is a bad agreement when trying to apply the efficiency based on Sample
2 to the Sample 4.
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The reconstruction of muons by DGM-Run2 offers a better estimation of Ng;g1
for Sample 4, in contrast to MR1 reconstruction, as shown in Figure 5.17d. This
is explained since DGM efficiency is probably less dependent on certain kinematic
variables correlated to L., with respect to MR1 and electron reconstruction. As for
samples with same kinematics (see Figures 5.17a, 5.17b, 5.17c¢), there is a good agree-
ment, meaning that the proposed method provides a reasonable good approach to
estimate the number of signal events for long-lived particles with same mass but
different mean proper lifetimes that decay to final states containing dimuons, when

generation level information is known.

5.3.1 Method for XX — 4e and XX — 4u

For the present analysis, the final state considered for the scalar boson X is the one
where one X decays to electrons and the other X decays to muons (BSM H — XX,
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XX — 2u2e)), being the interest of this analysis purely academic. However, this
study could be extended to arbitrary values of the branching ratio BR, in order to
be more realistic and thus, allowing to have a whole picture where X bosons decay
either to 4e or to 4u. The estimation of signal sensitivities for Sample 2 is illustrated
in Figure 5.18 for XX — 4e and Figure 5.19 for XX — 4y, although a full study for
the mentioned channels is beyond the scope of the present work.
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Chapter 6

Summary & Concluding Remarks

This final master project presented a study based on an ongoing analysis of searches
for long-lived particles that decay into final states containing displaced leptons in the
Run 2 of the LHC, using 2016 data collected with the CMS detector in proton-proton
collisions at y/s = 13 TeV. The results given were obtained using simulated signal
samples with Pythia v8, where they are interpreted in terms of a benchmark model
that involves a BSM Higgs boson with mass of 400 GeV decaying into a pair of long-
lived spinless bosons X in the mass range 50 — 150 GeV, each of which decays back
to dileptons (electrons and muons), with different mean proper decay lengths of the
long-lived particles (LLP) in the range 4 — 400 mm. The main purpose of the present
final master project was to assess a model that estimates the number of signal events
in a sample from information of generated LLP for a given cT and to compare the
performance between two muon reconstructions: Muon Runl-like (MR1) and Dis-
placed Global Muon (DGM) Run 2-like algorithms.

The results obtained for lepton reconstruction show that as the mean decay length
cT of the long-lived X goes farther from the detector, it becomes harder to reconstruct
and to properly identify dilepton candidates coming from bosons X. Similarly, for
secondary vertex reconstruction, dileptons are associated to a valid displaced vertex
with higher efficiency for those samples containing long-lived particles with shorter
ct. However, it was showed an improvement for selecting signal events using the
DGM reconstruction for samples highly displaced (ct = 400 mm) and, also it was
showed that efficiencies for muons using DGM present a slow rate of decrease with
respect to transverse decay length Ly, in contrast to MR1. In addition, overall effi-
ciencies with respect to generated transverse decay length L,, were shown with the
main purpose to compare the performance between MR1 and DGM reconstructions
as well as to compare statistical fluctuations for each sample in study. In fact, the
results obtained point out that there is an improvement of the performance of the
DGM-Run2 over MR1 reconstruction, especially for samples with higher ¢t and that
a sample, with an intermediate value of ct among different samples, represents bet-
ter the whole range of L,,, since it presents less statistical fluctuations around it. In
short, such sample represents an ideal candidate to parameterize the reconstruction
efficiency, as it provides a wide range of values for Ly, in which there is an event of
interest.

Along with efficiencies, it was studied the signal significance for each sample,
in order to optimize a selection requirement on Ly, that provides the best trade-
off between signal efficiency and background rejection. It was found that for LLP
decaying to muons, signal significance is higher when using DGM than MR1 and
that samples with smaller cT have a tight range of L,, where there is signal. On the
other hand, when decaying to electrons, the signal significance obtained is higher
for samples with lower ¢t in a tight range of L,, than for more displaced samples,
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although it is significantly lower than the signal significance obtained for muons.
However, for highly displaced samples it was observed that its signal significance
decreases at a slower rate than the others, meaning that it could be found more
signal events when applying a stringent cut in L,, in contrast to samples with low
displacement.

Finally, it was proposed a method to estimate number of signal events in each
sample using exclusively generation level information from each one, along with
reconstruction information from an unique parameterized sample. The results ob-
tained for muons show a good agreement between the number of signal events using
the method proposed with the actual distribution using information at generator
and reconstructed level (standard method), although an exception raised for sam-
ples with different kinematics (i.e different mass splitting between H and X bosons).
However, when using DGM reconstruction the agreement between expected distri-
butions of number of signal events improves significantly, as DGM efficiency is prob-
ably less dependent on certain kinematic variables correlated to Ly,. As for electron
channel, it was observed for samples with kinematic alike a reasonable agreement
with some weak discrepancy, which it might be caused by an abrupt behavior in the
electron reconstruction efficiency. In general, the proposed method provided a rea-
sonable good approach to estimate number of signal events in samples with same
kinematics, when generation level information of each sample is known.
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