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Abstract

The Standard Model (SM) of particle physics consists in a description of all the known elementary
particles and their interactions. As far as it is known, the SM has passed all experimental tests, but
presents some imperfections having no explanation for such as the presence of neutrino masses and
the hierarchy problem. This encourages to probe theories beyond the Standard Model (BSM) that
could bring solutions to these problems. An interesting proposal is to search for neutral long lived
particles (LLPs). These type of particles have long decay lengths, can be generated by a variety of
BSM models and could be detected in collider experiments by searching for displaced signals. The
detection of the decay products of LLPs decays will contribute to the discovery of new physics.
The objective of this work is to upgrade and optimize the PUCP Toy Detector presented in [1],
adapting the simulation to the ATLAS detector and adding new features as a Geant4 simulation
of the calorimeter for calculating the energy deposits. And validating it by reproducing the result
of the searches presented in [2]. We conclude that the PUCP Toy Detector is valid, well imple-
mented, and will be a competitive tool for searching new models containing LLPs decaying inside

the calorimeters in the future.
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Chapter 1

Introduction

The SM provides a description of all the elementary particles and establishes the principles of their
interactions. The model contains 12 fermions with spin %, four bosons with spin 1, and a fifth boson
with spin 0. The fermions are divided in quarks and leptons. There are 6 quarks: up (u), charm
(c), top (t), down (d), strange (s) and bottom (b), the first three with charge %, and the following
with charge —%, all quarks carry colour charge; and 6 leptons: electron (e™), muon (1), tau (77),
electron neutrino (v.), muon neutrino (v,) and tau neutrino (v;), the first three with charge -1,
and the following with no charge. The four spin 1 bosons are the force mediators, the photon ()
mediates the electromagnetic interactions, the gluon (g) the strong interactions and the W+ and
Z° bosons mediate the weak interactions. The spin 0 boson generates the mass of all the particles
by the Brout-Englert-Higgs Mechanism, it is known as the Higgs boson. Quarks can interact via
the three forces while charged fermions interact via the weak and electromagnetic force, and the
neutrinos only with the weak force.

The particle content of the SM has been entirely verified and its predictions have been exper-
imentally successful. However, it is not complete. The SM presents several problems such as the
lack of neutrino masses: it defines neutrinos as massless, on the contrary, it has been observed
that neutrinos have small masses by measuring neutrino oscillations. Moreover, it has a hierarchy

problem related to the difference in magnitude between the small Higgs boson mass and the Planck



scale.

Extensions to the SM trying to solve these problems are called beyond the SM (BSM) models.
One solution to the neutrino mass problem is the Seesaw mechanism. This mechanism adds new
heavy SM singlets coupling to the Higgs boson giving mass to the neutrinos through mixing. A
possible solution to the hierarchy problem is the theory of Supersymmetry (SUSY), which assigns
to every SM particle a SUSY partner with different spin. [1]

The two possible solutions mentioned above have regions of the parameter space where par-
ticles with long lifetimes can exist. These particles are called long lived particles (LLPs) and are
characterized by being able to move a macroscopic distance before decaying. The LLPs have not
yet been thoroughly searched for. In this thesis we will focus on a search for these type of particles
done using a specific trigger called the CalRatio trigger in the ATLAS experiment.

This document is divided as follows: Chapter 2 outlines the ingredients of the Standard Model
and presents the Seesaw mechanism as a possible BSM model, in Chapter 3 we present the Large
Hadron Collider and all the relevant features of the ATLAS detector. In Chapter 4 we present the
recast and validation of a search for LLPs using the CalRatio trigger in the ATLAS experiment.
For this, we introduce the PUCP Toy Detector and discuss the implementation for the validation,
presenting the model used, the CalRatio trigger, the selection cuts and the results obtained. Finally,

in Chapter 5 we summarize and conclude.



Chapter 2

The Standard Model and beyond

The Standard Model (SM) of particle physics describes the composition of matter by unifying three
of the four fundamental forces through an elegant framework of gauge symmetry. This Chapter
develops the theoretical foundations of this theory, emphasizes the problems the SM has, and de-
scribes possible solutions leading to LLPs.

At the center of the SM relies the concept of local gauge symmetry. This principle entails that
the laws of physics should remain invariant under certain transformations performed at each point

in space and time. The field ¢)(x) should be invariant under a transformation similar to:

P(x) = ey ().

These transformations are characterized by Lie groups, mathematical structures that contain sym-
metries of physical systems. Gauge theories, such as Quantum Electrodynamics (QED), Quantum
Chromodynamics (QCD), and the electroweak theory, use local gauge symmetries to describe the

interactions of particles. The symmetries of the SM are:
SU(3) @ SUL(2) @ Uy (1) (2.1)

The existence of these symmetries imply the appearance of gauge bosons: gluon (g), coming



from the SU¢(3) symmetry (C from color), W, W and W2, product of the SU(2) symmetry

o
(L from “left handed”, discussed later), and B,, coming from the Uy (1) symmetry (Y from hy-
percharge). The last four bosons mix, through a process called electroweak symmetry breaking

(EWSB) produced by the Higgs boson, to form the observable force carriers bosons through:

_ 0Bt oW

A

(2.2)

g —g' B, + gW}
W:I: — Wli j_lwlf
m
2

where A, represents the photon, carrying the electromagnetic force, and Z,, and W;‘E carry the weak

(2.3)

(2.4)

force, the first one in charge for the neutral currents and the last one for the charged currents. Bosons
before the symmetry breaking represent interaction eigenstates and bosons after it represent the
mass eigenstates. The g and ¢’ represent the couplings of the Wl}’2=3 and the B, bosons respectively.

The particle content of the Standard Model also involves fermions, elementary particles with
half integer spin. These fermions are organized into two categories: quarks and leptons, with each
category further divided into three generations. Quarks, carrying fractional electric charges and
color charges, form color neutral hadrons through the strong force mediated by gluons. Leptons
constitute another essential category within the SM. These particles are categorized into three gen-
erations, each comprising an electrical charged lepton (charge -1) and its corresponding, chargeless
and massless neutrino. The above particles and their properties are described by Weyl spinors with
specific transformations under the SM symmetries in Eq. 2.1.

There are three symmetries in nature: charge conjugation (C), parity transformation (P) and
time (T). The SM conserves the whole CPT symmetry, but is allowed to violate one or two of
them. The SM is a chiral theory, which means, under the invariance of P symmetry, it leads to
the definition of right handed and left handed particles. In Table 2.1 we show the gauge quantum

numbers for each field of the SM that lead to the electric charge () in the Gell-Mann-Nishijama



relation:

Q=T+, @3)

where T3 is the third component of isospin and () the electric charge. In the table, Q% represents
the quark left handed doublets, (u¢)% and (d°)’ the right handed anti-quark singlets, L’ the leptons
left handed doublets and (e€)? the right handed charged anti-leptons singlets. Notice Q, and L,

can be written as:

ur, VL
QL = and LL = R

dr, €L

we are showing left handed fermions, but the equivalence for right handed leptons is given by

(V)L = (Vr)S,

and there are no right handed neutral lepton singlets.

| Field || SU(3) SUL(2) Uy(1) |
QL 3 2 +3
)y || 3 I -1
(d)L 3 1 i
Lt 1 2 —1
(e9)% 1 1 +2

Table 2.1: Gauge quantum numbers of the fermionic fields. [3]

The generation of mass for particles in the SM is described by the Brout-Englert-Higgs mech-
anism. The Higgs field is a complex scalar field transforming as a doublet under the SU(2) group

with the form

1 [o"
1

The potential of the Higgs boson has the form of:

V(9) = 16T + A\(¢'9)? (2.6)



where > < 0 and A > 0. From this we can conclude that the minimum of the potential is not in

¢ = 0. If we replace the values of ¢ and ¢° on the potential, we find out that the minimum is

given by |¢T|*> + |¢°]? = v* where v? = —%. We chose to set ¢ to zero, in that way we are able

to set the the Higgs doublet at its minimum to

where v is the already defined vacuum expectation value (vev). This leads to the breakdown of the
SUL(2) ® Uy (1) symmetry (EWSB) and the generation of masses for the W and Z bosons. The
Ug(1) symmetry generated by the electric charge operator remains invariant, and, as consequence,
the photon does not acquire mass. The Lagrangian including only the Higgs interactions is given

by:

2

Longps = | (00— 57 W — i 5 B) o] —V(0) @.7)

2 2

The first term involves the kinetic term and the interactions of the Higgs with the other gauge
bosons. It is possible to see the interactions between the W }*? and B,, bosons with the Higgs that,

after the EWSB and replacing the Higgs field for its vev, the masses of the W bosons (My = )

and Z boson are generated (M, = 2 g;+g/2), as well as the mass of the Higgs (My = V2A\v?).
This symmetry breaking also imparts mass to the fermions via their Yukawa interactions with the

Higgs field described by the Lagrangian:

_EYuk:awa = ((Yu)ab@zLéubR + (Yd>ab6j¢zL¢dbR + (E)ab(‘/;aL¢le) ’ (28)

where, in all terms, there is a sumation over a and b. The discovery of the Higgs boson at CERN’s
Large Hadron Collider in 2012 confirmed the existence of this vital missing piece and validated
the Standard Model’s predictions.

The sector of the SM of particle physics describing leptons is given by the following La-



grangian:

1

£=-

1 T/ 1 v
Wy - WH — ZB’“’BM

] oy ] Y
+DWG@—grwg—j2&>L+RWG@—d2&0R

+ LHiggs + EYukawa (29)

where the first two terms, shown before the EWSB, will generate the Wﬂi, Z, and A, kinetic
energies and self interactions, the following two terms involve the lepton and quark (L, R doublets)
kinetic energies and interactions with the bosons already mentioned. These terms include 7 which
represents the Pauli matrices and v* which are the anticommuting Dirac matrices. The next terms
are the ones involving the Higgs and Yukawa couplings discussed before. [4]

As seen, the SM is a very precise theory but it also faces its own challenges and open ques-
tions. One of the principal enigmas is the existence of neutrino masses. Neutrino oscillations have
confirmed the existence of them, we now should understand the mechanism by which the mass is
obtained. With this objective, the Seesaw Mechanism, which we will further discuss, is proposed.
Another of the most compelling enigmas is the hierarchy problem, which concerns the discrepancy
between the strength of the weak force and the extreme weakness of the gravitational force. The
unnaturally precise fine tuning required to maintain the mass of the Higgs boson at a manageable
level raises questions about the underlying framework’s completeness and potential extensions.
Solutions to this problem come with theories beyond the SM, as Supersymmetry.

For analyzing the enigma of the neutrino masses we need to discuss the existence of right
handed neutrinos. As P symmetry is broken, we are able to differentiate left handed from right
handed particles. There are no right handed neutrinos in the SM as they would not be able to
interact with matter, and they had also not yet been detected. Even with the Yukawa couplings
defined before, neutrinos remain theoretically massless as there is no right handed neutrino. But,
as mentioned before, there is experimental evidence (neutrino oscillations) that neutrinos must have

mass. A solution to this is to add by hand a right handed neutrino. This will allow a new Dirac



mass term of the form:

Dirac = (Yo)mn(LL)m®(VR)n + hec. (2.10)

where Y, is a new Yukawa matrix and vy is the new right handed neutrino (also known as sterile
neutrino). This new particle must be a SU(2) singlet with electrical charge zero, which would lead
us to conclude that its hypercharge (V') is again zero by using the Gell-Mann-Nishijama relation
shown in Eq. 2.5, so this neutrino would not participate in the weak interaction.

There is another solution that would imply assuming that the neutrinos follow the Majorana
equation, which implies the fermion involved satisfies: /¢ = C'¥". The Majorana mass term that

would be added to the Lagrangian would have the form of:

new _
Majorana ~—

]\24 (VR“VvR + VRVR) . (2.11)
This term violates lepton number. For this reason, and because of the presence of charged leptons
in the SUL(2) doublet, this Lagrangian is not valid for SM left handed vs.

The simplest theory that can explain the small neutrino masses is probably the Type I Seesaw
Mechanism, in which it is possible to add n new singlets representing right handed neutrinos (vz).
The new Lagrangian would be modified to:

? R

_ . 1 .
ﬁSeesaw = ES]\/[ — LaYaZ(ZﬁVRi — §V_R¢MZJ VR]‘ + h.C. (212)

where Y is the Yukawa matrix, M, z a mass matrix, the a index represents e, ¢+ and 7, and the 7 and
7 indices represent the n new added right handed neutrinos. We can choose, as an example, a mass
matrix that considers only one right handed neutrino and one light neutrino:

0 mp
M, =

mp Ml/R

This can become more complex when considering all the three light neutrinos and adding more



right handed neutrinos. [5, 6]
Diagonalizing this matrix, we are able to obtain two masses for the neutrinos, one for the SM

v and one for the new heavy v:
2

tight _ _ "D 213

i MI/R’ ( ' )

heavy __ M T m%) (2 14)

" B MI/R 7 ’
and the two new eigenstates will be:
m
|Viight) = |vi) — MV]; |vg) (2.15)
mp
e = 372 lvi) + o) 216

This is a remarkable result since it shows the existence of light neutrinos with a predominant com-
ponent of the SM left handed neutrino, and the existence of a heavy neutrino with a predominant
component of the right handed neutrino, which would generate a not significant interaction with
the SM, consistent with the experimental results.

As the interaction between the SM and the new heavy neutrino is small, given the results before,
the mixing and the Yukawa coupling will also be very small. This would lead us a to a small width
and therefore a long lifetime. In this example we had a one vz Seesaw, in which we are able to
fix the mass obtaining a mixing, a value for the width and the lifetime of vx. In the case we study
a two (or more) vr Seesaw, we have the flexibility to vary the mixing, therefore we can define a
larger part of the parameter space in which the vis will become the LLP and would be available

for probing in colliders.



Chapter 3

The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator at European Organization for Nuclear
Research (CERN). The principal objective is to discover and probe the mechanism for electroweak
symmetry breaking, but it also studies theories beyond the SM (BSM) such as Super Symmetry,
dark matter, composite Higgs models, extra dimensions and new massive gauge bosons. It oper-
ates by accelerating two beams of protons and making them collide at extremely high energies.
The very large circumference (about 27 kilometers) is important for generating a collision at the
required energies. The LHC works with bunches of about 10! protons. These bunches are emitted
every 25 ns, meaning that the frequency of collision is 40 MHz (21—5 ns~!). Considering that the
inelastic proton-proton cross section is 0, = 10 mb and the transverse area of the beam line is

Opearmn = (10um)?, then the total rate of collision is given by

t 2 10 mb
10“pr°°ns> T 0mb 40 MHz = 4 GHz 3.1)

Rat =
tot ( bunch 10 pm)?

The most recent information from the LHC is collected from Run 2. The center of mass energy
at this run is /s = 13 TeV and the integrated luminosity £ = 189.3 fo-1.1

Important variables reconstructed in collider physics that are going to be mentioned within this

IThe barn (b) is the unit for scattering cross section. A barn is equivalent to 1072 m. The
luminosity is defined as the collision rate, and hence, the unit that is used to measure it is the b~1.

10



work are:

* transverse momentum, which is the momentum in = and y (coordinates perpendicular to the

beam line) as pr = (ps, py);

* pseudorapidity:

n=1In (cot (g)) , (3.2)

where 6 is the angle between the total momentum vector (p) and its projection on the beam

line (p.);

+ azimuthal angle: ¢ = arctan (z—z);

» the angular separation of two particles: AR = \/ (An)2 + (A¢)?%;

* the momentum that is not detected:

(p}””'“ =— > pT) : (3.3)

visible
called missing transverse momentum. [7]

The amount of information generated by a collision of two proton beams is overwhelming and
can not all be stored at once. There is a first step of hardware particle selection where the particle
must have certain characteristics for the event to be recorded, on the contrary, the information of
the event is discarded. This first hardware based trigger is called Level 1 (L1). Then, the data
obtained passes through a second selection that is called High Level Trigger (HLT), a software
trigger customized by the user.

There are currently four experiments functioning in the LHC: A Toroidal LHC ApparatuS (AT-
LAS), Compact Muon Solenoid (CMS), A Large lon Collider Experiment (Alice) and LHCb. This

work is focused on the ATLAS experiment [8].

11



3.1 The ATLAS Experiment?.

The ATLAS detector is designed to study fundamental particles and their interactions, produced
by proton-proton collisions with aims to study the Higgs bosons and discover particles beyond the
SM. The detector (Figure 3.1) is mainly composed by four sub detectors: the Inner Detector (ID),
the Electromagnetic Calorimeter (ECal), the Hadronic Calorimeter (HCal), and the Muon System
(MS). We can approximate the geometry of each of these sub detectors as cylinders with dimensions

given in Table 3.1, where R represents the radius of the cylinder and Z the half length.

44m

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambaers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 3.1: Image of the ATLAS detector.

| Sub Detector || Ryin [M]  Ringe [M] Zynin [M] Zpae [m] |

ID - 1.150 - 3.512
ECal 1.500 1.970 3.512 3.830
HCal 2.280 4.250 3.830 5.500

MS 4.250 5.000 5.500 8.000

Table 3.1: Dimensions of the ATLAS sub detectors.

2 All the information and figures about the ATLAS experiment in this section, unless specified,
are extracted from [8]

12



3.2 Sub detectors

3.2.1 The Inner Detector

The ID is designed to measure the trajectories of charged particles product of a proton-proton col-
lision. These particles leave tracks in the ID, which can further be matched to a signal in another
sub detector and give a finer precision in the measurement of their properties. At intervals of 25 ns,
the ID receives the product of 2 x 10! protons colliding, therefore it is designed to have a quick
response to be able to properly identify their trajectories and assign them to the correct bunch cross-
ing.

The ATLAS ID is composed by pixel and silicon microstrip (SCT) trackers, used along with the
straw tubes of the Transition Radiation Tracker (TRT). It covers an area of diameter 2.3 m and length
approximately 7 m around the nominal IP. The pseudorapidity coverage is |n| < 2.5. In Figure 3.2
is shown the track reconstruction efficiency for muons, pions and electrons with p; = 5 GeV (left)
and for different momenta of pions (right) both in function of the absolute value of pseudorapidity.
We only consider efficiencies when talking about reconstruction of tracks. In Chapter 4 we explain
the implementation of this, assuming right panel for all hadrons.

The energy resolution of this tracker is given by:

2
(;) = (0.05%pr)* + (1%)°. (.4

3.2.2 Calorimetry

The calorimeters are a type of detectors designed to measure the energy coming from an incident
particle by absorbing it and generating a cascade of particles. The cascade can be electromagnetic
or hadronic. A calorimeter that generates cascades of electromagnetic particles is called a “Elec-

tromagnetic calorimeter” (ECal) and one that generates a hadronic cascade is called a “Hadronic

13
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Figure 3.2: Track reconstruction efficiency of muons, pions and electrons of pr = 5 GeV in func-
tion of |n| (left). Track reconstruction efficiency for pions with pr = 1 GeV, pr = 5 GeV and
pr = 100 GeV in function of || (right).

calorimeter” (HCal). The ECal is expected to stop completely electrons and photons, and absorb

all their energy, while the HCal is expect to do the same with all hadrons. There are two principal

types of calorimeters:

* homogeneous calorimeters: are the ones where the absorbing and detecting material is the
same. This means that all the deposited energy is detected. Usually this configuration is

found in the electromagnetic calorimeters.

» Sampling calorimeters: they combine layers of two different materials, a passive and an
active material. The first one, also called the absorber, has the function of absorbing the
energy of the particle, is commonly a heavy material; the second one is designed to generate
the signal (shower of particles). These calorimeters strongly reduce costs of material and
construction, but have the disadvantage that not all energy is detected. Usually hadronic

calorimeters have this configuration.

Particles lose energy through different processes. For example, charged particles are involved
in processes as: ionisation, excitation, Bremsstrahlung scattering or Cherenkov effect; photons are
involved in photoelectric effect, compton scattering or pair production; and hadrons are involved

in nuclear interactions. We measure the energy losses in these processes as the “stopping power”

(dE/dz).

14



The stopping power of heavy charged particles, that is, particles with masses bigger than the
mass of the electron, is obtained by the Bethe Bloch formula:
3(57)

2
e TPy G-2)

inwhich: K = 47 Nar’m.c®> = 0.307MeV g~ cm? with N4 = 6.022x 10?® the Avogadro number,
r. = 2.8 fm the classical electron radius, m. = 511 keV the electron mass and ¢ = 3 x 10® m/s
the speed of light. Furthermore, z is the charge of the incident particle, Z and A are the charge
number and atomic mass of the medium, (3 is the velocity of the incident particle with respect to
the speed of light, v is the Lorentz factor, [ is the mean excitation energy of the medium, ¢ is a

density correction and
2mec252’y2
L+ 29m, /M + (m./M)?

Tmaac =

is the maximum transferable kinetic energy with M being the mass of the incident particle. In
Figure 3.3 an example of the mean energy loss by Bethe Bloch equation is shown for different

materials with respect to the particle momentum.
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Figure 3.3: Mean energy loss for different materials. Graph obtained from [9].

The stopping power for electrons becomes predominantly Bremsstrahlung interactions and it is
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given by

dFE 1
—_ = ——F 3.6
dz | Brems XO ( )

where X is the radiation length of the material. [10] The radiation length is the distance an electron
can travel inside a material loosing 1/e of its energy through Bremsstrahlung. The X, changes with

the material. For a block of different materials we can obtain the total X by:

1 Vi

il v 3.7
where the index 7 defines the material, V; is the volume fraction of the material ¢ and X is its
radiation length in distance magnitude.

Some other concepts that are interesting to discuss are: [11]

* The amount of particles in an electromagnetic shower increases until each one reduces its
energy to a critical energy F., after that, the energy loss from ionisation and excitation be-
comes predominant. At that moment, the number of particles in the shower is reduced until

all are absorbed inside the calorimeter. [10]

* The variable that characterize a hadron shower is the nuclear interaction length (\;,,;). This
corresponds to the average distance traveled by a hadron in a medium before a nuclear inter-
action happens, similar to X, for electromagnetic showers. The probability of a particle to

travel a distance x is given by:

P — o=@/ i)

* The Moliere Radius (pa): is the radius that describes the transversal evolution of an elec-
tromagnetic shower. This depends on X and F.. This radius contains almost the complete

particles shower (between 85 to 90 %).
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3.2.2.1 Electromagnetic Calorimeters

The ECal generates a cascade of electromagnetic interactions whenever a particle travels through
it. The cascade consists on a shower of particles that release energy proportional to the energy of
the incident one. In this way the ECal absorbs the poriginal article and measures its energy. [12, 1]

The ATLAS ECal, also called the 1Ar calorimeter, is characterized by its accordion geometry.
The barrel is composed by two halves, one covering the area of z > 0 (0 < n < 1.475) and the
other z < 0 (—1.475 < n < 0). Each half barrel weighs approximately 57 tonnes. Its total length
is approximately 3.2 m, its inner diameter is 2.8 m and the outer one is 4 m. The absorbers are
presented in accordion geometry as can be seen in Figure 3.4 and are composed of lead plates. Each
plate has a thickness of 1.53 mm for |n| < 0.8, and 1.113 mm for the rest. Each plate is covered
by a 0.2 mm thick stainless steel sheet (properties of all the calorimeter materials can be found in
Table 3.2). From all this information we can calculate the abundance of lead in the calorimeter,
which is around 79%.

In the inner radius of the ECal we find a liquid argon layer called presampler, which is 11 mm in
depth and covers all the pseudorapidity range. It generates a shower sampling before the particles
enter the active medium.

The end caps cover a range of pseudorapidity between 1.375 and 3.2. They are composed by
two wheels on each side of the detector. Each wheel is 63 cm thick and weights 27 tonnes. Both
are also composed by lead plates working as absorbers, in this case they have a thickness of 1.7
mm for |n| < 2.5 and 2.2 mm for |n| > 2.5. The total thickness of each wheel varies from 24 X,
to 38 Xj. There is also a 1Ar presampler that covers 1.5 < || < 1.8 to improve the measurements.

The energy resolution of an ECal is parametrized by

o\? S \?  /N\? 5
I DY _ 3.8
(E> (ME) +(E) e (3-8)
where S is the stochastic term, N the noise term which comes from the electronics, and C is a

constant. The stochastic term has a value of 10.1% and the constant of 0.17%. The noise term is
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Figure 3.4: ATLAS ECal barrel geometry.

not considered. In Figure 3.5 we show this function considering the values given for this specific

calorimeter.

3.2.2.2 Hadronic Calorimeters

The HCal is in charge of absorbing and measuring the energy of all hadrons coming from the
proton-proton collision. Similarly to the ECal, in the ATLAS HCal, the barrel, also called the tile
calorimeter, covers |n| < 1.7 and the end caps cover the range until || = 3.2.

The tile calorimeter is a sampling calorimeter that uses steel as the absorber and scintillator as
the active medium. It has a central barrel of length 5.8 m and two external barrels each of 2.6 m
length. The three of them with inner radius 2.28 m and outer radius 4.25 m and with a depth

of approximately 7.4 nuclear interaction lengths (\;,;). The ratio of material between steel and
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Figure 3.5: ATLAS ECal percentage energy resolution function of energy.

scintillator is about 4.7:1, which makes the abundance of steel approximately 82%. For simplicity,
we set the component of this detector to 100% steel (see Section 4 for discussion on the simulations).

The end caps of this HCal are also sampling calorimeters, they are made of liquid Argon and
copper, and cover a range of 1.5 < |n| < 3.2. Each end caps are two wheels of outer radius of
2.03 m. The inner wheels are composed of 24 copper plates of 25 mm thickness each with addition
of a front plate of 12.5 mm. The second wheel has 16 copper plates of 50 mm thickness each
and a front plate of 25 mm. Between the plates there are gaps of 8.5 mm with 4 layers inside of
1Ar of 1.8 mm each. This lead us to conclude that each end cap has a thickness of 1.786 m from
which 1437.5 mm are copper and 295.2 mm lAr. Copper is going to be about 83% of the whole
calorimeter.

The resolution of this calorimeter is also given by Equation 3.8, for the tile calorimeter the
parameters are: S = (56.4+£0.4)% and C' = (5.5 4 0.1) %, there is no noise term reported.
Similarly for the end caps, the parameters are: S = (21.4 £ 0.1) %, C' is close enough to zero to
not be considered, and NV is not reported.

In addition, the ATLAS calorimetry system includes also a Forward calorimeter (FCal), located
outside the detector, that covers a range of 3.1 < |n| < 4.9. Is designed to receive particles at a
distance approximately of 4.7 m from the interaction point and is exposed to a high energy flux.

This part of the calorimeter would not be taken in consideration for simulation.
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Material H Z Alg/moll] Xy[em] N,y E.[MeV] Ry [em] [ [eV]‘

1Ar - - 14.0 85.7 30.5 10.0 188
Copper 29  63.546 1436  15.32 19.42 1.568 322
Zinc 30 65.38 1.742  19.42 18.93 1.952 330
Aluminum || 13 26.98 8.897  39.70 42.70 4.419 166
Lead 82 207.2 0.5612  17.59 7.43 1.602 823

Table 3.2: Properties of calorimeters materials. [13, 11]

3.2.3 The Muon System

The MS has three principal functions: identifying, reconstructing and triggering signals coming
from muons. The ATLAS MS covers the range of 0 < |n| < 2.7. It is composed by a toroid
generating a magnetic field for the deflection of muon tracks. This system is composed by chambers
that identify the bunch-crossing, and measure py and coordinates of muons. A muon passing over
any of these chambers ionizes a gas and generates an image charge that can be stored as signal.
The efficiency of this MS is given by Figure 3.6. On the left panel is shown the efficiency
versus the transversal momentum for stand alone muons (only analyzed by the MS) and combined
efficiency (MS + ID). On the right panel the efficiency is shown graphed over the pseudorapidity
for a muon of pr = 100 GeV. It is possible to observe the decrease in the efficiency around |n| =
1.4 because of the change from barrel to endcaps and also the decrease on || = 2.5 and 2.7 for
combined and stand alone respectively, this because of the end of pseudorapidity acceptance in

each sub detector.
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Chapter 4

The ATLAS search for LLPs with the

CalRatio trigger

4.1 Overview

Searching for LLPs is a way of searching for new physics in colliders. In this Chapter we will
introduce some searches already done on the ATLAS and CMS experiments, describe the triggers
used and the implementation done for the recast.

While searching for LLPs, two factors will determine the approach of the search: the prod-
ucts of the LLP decay and the mean lifetime of the LLP. The first one will determine the type of
trigger used and, the second, the sub detector in which the search will take place. For instance,
searches done in the muon system of both, CMS and ATLAS experiments, are triggered by dis-
placed dimuons, specifically in models that contain a neutral LLP decaying into two muons. In
[14] the CMS Collaboration searches for this type of signal in the LHC Run 1 data, with center of
mass energy /s =8 TeV in the context of two models. The first one proposes the LLPs as spinless
bosons (X) pair produced from the decay of a non-SM Higgs (H® — X X), which is produced by
gluon gluon fusion. The X boson decays into two muons (X — 1+~ ) with a decay length chosen

to be 20, 200 and 2000 cm. In the second model, a pair of scalar quarks (squarks §) is considered,
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each of them decaying into a quark and a neutral fermion (neutralino Y), the latter being the can-
didate for LLP, (§ — ¢X). The neutralino decays into two muons and a neutrino (Y — p*u v)
with approximately 200 cm of mean transverse decay length given by the chosen coupling1 . There
is also an actualization of this search with data from a collision with center of mass /s = 13 TeV
[12]. In this search two muons product of a long lived scalar boson X are coming from the decay
of a BSM Higgs (H — X X). This search is based on [15] and [16]. In both cases no excess over
the SM background is observed. Bounds on the LLP characteristics are placed.

The ATLAS Collaboration presents a similar search for displaced dimuons in the muon cham-
bers in [17], with center of mass energy 13 TeV. They use the Muon Rol Trigger [18], a signature
driven trigger for the MS of ATLAS detector which selects isolated signal-like events and non iso-
lated background-like events. This trigger selects events with clusters of L1 Regions of Interest
(Rols) in the MS that are isolated from activity in the ID and calorimeters. It will be effective
for LLPs decaying between 3 to 7 m from the PV and having masses greater than 10 GeV. After
the trigger selection, the analysis requires either two reconstructed displaced vertices in the MS or
one ID vertex and one MS vertex. The combination between sub detector increases sensitivity to
shorter lifetimes than an analysis only considering MS vertices could have. No excess over the SM
background is observed.

Searches that include tracks in the ID have also been performed. In this type of searches stan-
dard triggers are applied for selecting events with high pr jets or leptons, and an unusual amount
of missing energy. An example can be found in [19] where a search has been performed with a
benchmark model inspired by SUSY. The search presented is sensitive to models predicting events
with significant missing energy, and at least one displaced vertex with five or more tracks and a
visible invariant mass greater than 10 GeV. The search has not found a significant excess of events
over the SM background. This type of searches are not sensible to low masses LLPs.

There had also been performed searches for displaced jets in the calorimeters. In [20] a search

for LLPs decaying into displaced jets is conducted in the CMS experiment using as benchmark

11n SUSY models, this coupling violates R-parity.
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models different SUSY inspired models. A dedicated trigger is used to capture events with dis-
placed jets signatures, discriminating jets and secondary vertices from signal produced by the SM
background. The signal observed is in agreement with the SM.

Searches in the calorimeters performed by the ATLAS Collaboration can be found in [21], [22]
and [2]. This work will focus on the last one. The first search is performed on data collected from
proton-proton collisions at /s = 8 TeV and the last two are at /s = 13 TeV. The three of them
search for LLPs decaying into jets in the outer region of the ECal or inside the HCal, for this,
different versions of a CalRatio trigger are used. This trigger is specialized on recognizing such
types of signals; it selects at least one trackless jet with most of its energy deposited in the HCal
and only a small fraction of its energy deposited in the ECal.

In this Chapter we will introduce the Model used in [2], describe the PUCP Toy Detector and
give detailes on we used it to reproduce the results obtained in this search for neutral LLPs decay-
ing into hadronic jets in the calorimeter done by the ATLAS Collaboration. For this, two CalRatio
triggers are used, both conformed by a Level 1 (L1) Trigger and a High Level Trigger (HLT), fol-
lowed by specific cuts for the event selection process. We also comment on the Machine Learning

methods used by ATLAS, as well as our procedure in front of them.

4.2 The Model

We will consider the benchmark model presented in [2] in order to validate our simulation of the
CalRatio search. The search considers neutral scalar LLPs (7,) produced from the decay of a heavy
scalar field (®). This scalar could be interpreted as the SM Higgs Boson, but we will vary the mass
to a wider range of masses. The process we simulate is shown in Figure 4.1, where the scalar field
® is produced by gluon fusion and then decays into a pair of 74s. This model will be simulated in

MadGraph5 [23].
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Figure 4.1: Feynman diagram for a dark pion model. A heavy scalar field ® is produced via gluon
fusion and decays into two long lived dark pions. Each of them decays into a pair of fermions
generating jets.

The 74 travel a macroscopic distance before decaying entirely into SM fermions. They are
assumed to have Yukawa-like couplings, similar to those of the Higgs, meaning that they decay
into bb, c¢, 7~ in approximate ratio of 85:8:5, assuming they are heavy enough. The lifetime
of the LLP is considered to be uncorrelated to its mass. The model has three free parameters:
me € [60,1000] GeV, m,, € [5,475] GeV and c7,, € [0.02,10] m.

The SM fermions, product of the decay of the LLPs, generate jets with an origin far from
the interaction point (IP) of the colliding protons. These jets are known as displaced jets and,
if generated within the ID, produce displaced vertices. When the LLP decay occurs inside the
calorimeters, the decay products are collimated enough in a way it is possible to be reconstructed
as a single trackless jet, containing the majority of its energy deposited in the hadronic calorimeter
(since the LLP decays mostly to hadrons).

The analysis done focuses on recognizing these non standard jets. The analysis by ATLAS
considers two procedures for selecting particles based on the mass used for ® in their simulation:
one optimized for scalar masses over 200 GeV (High-Er) and another one for masses below 200
GeV (Low-Er), where Er represents the transverse energy.

The dominant background process that best mirrors the signal is a SM multi-jet production,
particularly when the jets are principally composed of neutral hadrons or when they have misre-

constructed tracks. Even though the probability for a prompt jet to reproduce the characteristics
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of signal-like jets is considerably low, the high cross-section of SM multi-jet events makes it the
predominant background in this search. Additional contributions arise from jets reconstructed from

non-collision sources, which include cosmic rays and beam-induced background (BIB).

4.3 Implementation

4.3.1 The PUCP Toy Detector

We have constructed a Toy Detector of the ATLAS experiment with the objective of searching for
signals of long lived particles. It is based on C++, Pythia8 [24] and FastJet [25]. It needs to be
called from a main program that receives information of a process through a Les Houches event
(LHE) file [26] as an input and carries out the parton shower and hadronization using Pythia8.

In Figure 4.2 we show a flow chart of the main program. The main program calls the Toy
Detector and performs a loop over all the events. Inside the loop it is possible to perform any
search for LLPs, in this case we implemented the CalRatio triggers and the selection process used
in [2], which will be explained later in this Section.

The Toy Detector itself receives as input a Pythia8 object per event, carrying the full informa-
tion of the process, and returns the identification codes for the detected particles and the clustered
jets with information of where were they detected and their reconstructed momentum, taking into
account the detector efficiency.

A flow chart for the Toy Detector is shown in Figure 4.3. As mentioned before, this detec-
tor receives a Pythia8 object containing all the information of the event, meaning it contains all
particles generated during the collision, with their respective characteristics (energy, momentum,
pseudorapidity, phi angle, coordinates of production and decay, etc). The detector performs a loop
over all particles of the event and analyzes each one separately. If it is a neutrino, an uncharged
stable BSM particle, has an absolute pseudorapidity greater than the accepted by any sub detector
(In| > 3.2) or is produced outside the detector, the particle is not considered. Then, the detector

assigns a special tag to the particle depending on the sub detector it is generated in, by its produc-
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tion coordinates (see Table 4.1). We have two tags for the HCal since it has different materials for
the barrel and for the end caps. Depending on the tag, the detector runs a different routine, each
of them determining the measured momentum, energy and pseudorapidity using the corresponding
efficiency and resolution of the sub detector. If the particle is detected, the reconstructed variables
are saved in a vector containing all detected particles in the sub detector. We have four vectors,
one for each sub detector (ID, ECal, HCal and MS). These vectors contain the information of all
detected particles in a self defined class called PartDet with the form:
class PartDet {

public:

long int id;

double pt;

double pz;

double energy;

double mass;

double eta;

double phi;

double xini;

double yini;

double zini;

bool fromsec;
s
where id refers to the Particle Data Group (PDG) [13] identification code of the particle, pt to the
reconstructed transverse momentum, pz to the projection of the reconstructed momentum in the
beam line, energy is the detected energy, mass the mass of the particle, eta the detected pseu-
dorapidity, phi the reconstructed phi angle, xini, yini and zini are the coordinates where the
particle first appears in the detector, and fromsec is a bool that turns to unity when the particle is

considered a secondary particle (meaning it is produced in a shower generated inside a calorimeter)
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and 0 when it is not.
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Figure 4.2: Main program flow chart.
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‘ Sub Detector H Tag ‘

ID 1

ECal 2
HCal barrel 3
HCal end caps || 4
MS 5

Table 4.1: Tag assigned to each ATLAS sub detector in the PUCP Toy Detector.

The particle is then geometrically propagated to the next sub detector, unless it has been de-
tected in the MS, and proceeds to perform the corresponding sub detector routine. The propagation
is carried out using the production coordinates, pseudorapidity (1) and phi angle (¢). With this
information we are able to determine the coordinates where the particle exits a sub detector and the
coordinates when it later enters to the next one.

The routines for the calorimeters analyze also the deposited energy with a Geant4 simulation,
explained in the following paragraphs, from which we are able to determine the detected energy.
This simulation also returns a vector with all the secondary particles exiting the calorimeters with
1 and ¢ angle matching the original particle (we assign by hand the same direction of momentum
of the incident particle). These particles must also be analyzed to identify if they are detected in
the HCal barrel or end caps (secondaries coming from the ECal), or in the MS (secondaries coming
from the HCal). For this, we developed a different routine for each sub detector that includes
the same features of the original one, but is computationally designed to analyze variables from a
different class, designed specifically for the secondaries. The class defined is:

class PartSecq{

public:

long int id;
double energy;
int quant;
double mass;

double prodR;
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double xprod;

double yprod;

double prodZ;
}; where quant describes the quantity of particles with the same id exiting the calorimeter, xprod,
yprod and zprod are the production coordinates and prodR is the modulus of the production coor-
dinates in the transversal plane. The routines designed for evaluating variable from this class also
generate a loop in the variable quant so that we are able to analyze the exact amount of particles
generated in the shower, each of them going through the efficiency and resolution functions.

The functions of efficiency for each sub detector routine are fits coming from the reported
results of the ATLAS experiment. The efficiency of the ID is implemented for all hadrons using
the data reported on the right panel of Figure 3.2. We assumed all hadrons have a similar efficiency
to the one reported for pions, then we obtained a function that fits each set of data (pr=1 GeV,
pr=5 GeV, pr=100 GeV) and depends only on pseudorapidity. If the particle being analyzed is
not a hadron, we assumed it is always detected and the efficiency is 1. Finally, we made a linear
interpolation on the momentum for finding the efficiency corresponding to the real momentum of
the analyzed particle. Similarly, in the MS we used a fit for the efficiency for stand alone muons
reported in the left panel of Figure 3.6. The fit goes from momentum 0 to 7.5 GeV, then for any
higher momentum we assume the efficiency is constant and close to 1. We assumed this applies
for all type of particles. We do not apply this efficiency in the calorimeters.

Given the obtained value for efficiency, inside each detector sub routine we generate a random
number between 0 and 1 in a uniform distribution. If the number is greater than for the efficiency,
the particle is not detected and passes directly to the next sub detector, if it is lower, then the particle
is detected,the information saved and passes to the next sub detector (i.e. the ECal if originally in
the ID).

The functions of resolution used are given in Equation 3.4 for the ID and Equation 3.8 for the
calorimeters. For the MS we assume the resolution is always 0 (meaning perfect reconstruction)

unless the momentum of the particle is greater than 1 TeV, then it is 0.1. The resolution function for
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any sub detector depends on the momentum, pseudorapidity and energy of the analyzed particle.
We obtain the value through these equations and then generate the smearing. For this process we
generate a number from a random Gauss distribution centered in zero and calculate a new detected
momentum using:

Pt = pr x (1 +res x RndmG)

where pr is the initial momentum of the particle, res is the resolution obtained and RndmG is the
random Gauss generated number. From this new detected momentum we calculate the detected
energy.

A very important feature of this work, relevant in particular to LLPs is that we also calculate a
reconstructed pseudorapidity and phi angle. These variables, when given by Pythia8, are defined
as Equation 3.2 with tan(#) = pr/p, and tan(¢) = p,/p,. Even though this geometrically helps to
understand how the particle travels through the detector, it does not give any information about the
position inside any sub detector, which can lead to inconsistencies at the moment of defining jets.
For this, we need to redefine the variables assuming the particle is coming from the IP, such that n
and ¢ now refer to regions of the detector where the particle is, rather than features of its momen-
tum. We used the variables given by Pythia8, including the production coordinates to calculate the
coordinates where the particle enters and exit a sub detector, then we use the entering coordinates
to define a vector coming from the IP. From this vector we calculate the elevation angle (¢) which
is going to be used to calculate the reconstructed pseudorapidity with Equation 3.2, and the ¢ angle.
We used the entering coordinates as the energy deposition of a particle inside any sub detector is
stronger.

At the end of the particle loop, with all the information of the reconstructed particles and mo-
menta on each sub detector, we calculate the total missing energy of the event by subtracting all
the detected momentum as shown in Equation 3.3. If a particle has been detected in the ID, the
momentum that will be considered for this calculation is the one reconstructed in the ID, if it is not,
the momentum considered will be the one reconstructed in both of the calorimeters.

We also generate the jet clustering for the analysis, using FastJet with R parameter 0.4. For
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this we designed an algorithm that acts over all energy deposits in the ECal and HCal. It generates
the clustering and defines jets with py over 30.0 GeV. An important requirement of the CalRatio
trigger is that it will be necessary to know how much energy is deposited by the same jet in different
calorimeters. For this, we made a loop inside each jet over all the constituents, if the constituent
is a particle detected in the ECal, the energy detected adds to a variable, inicialized in 0, called
eneecal, and if it is detected in the HCal, the energy is added to a similar variable called enehcal.
We demonstrated that the sum of eneecal and enehcal is the exact total energy of the jet, as
expected. For calculating the coordinates where the jet is produced, we used a weighted average
by vectorially adding all the production coordinates of the constituents, each multiplied by their
individual energy deposit, and then dividing it by the total amount of energy of the jet. At the end,
we save the information of all the jets in a vector of a self designed class called JetDet of the form:
class JetDet {

public:

double pt;

double pz;

double energy;

double eta;

double phi;

double xini;

double yini;

double zini;

bool fromsec;

double ecale;

double hcale;
s

with all the present variables explained before.
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4.3.2 Simulation of calorimeters

As mentioned earlier, a crucial part of the analysis is to be able to recognize the amount of energy
particles deposit inside each calorimeter, and which of them continue traveling to the next sub
detector. This is a not trivial problem. For solving it we developed a Geant4 [27, 28, 29] simulation
of the particles traveling through the calorimeter materials.2 The objective is not only to calculate
the amount of energy deposited by prompt particles traveling through the whole calorimeter, but it is
to to calculate the energy deposition a particle produced in the middle or latter part of the calorimeter
could generate. In that way, it would travel only a percentage of the whole length, the deposition
will be smaller and the shower exiting the calorimeter will be composed by a different amount of
particles with different energies each. This calculation is particularly relevant for particles coming
from the decay of neutral LLPs, which leave a displaced signal that will pass the CalRatio trigger.

We based this simulation on the example given in the extended hadronic Geant4 library: Hadr07.
This example is designed to reproduce a hadronic sampling calorimeter with a wide amount of ab-
sorbers of different materials and thicknesses. It generates the physics of a hadronic cascade (also
including electromagnetic showers) produced by the interactions between a given particle and the
absorbers.

During a proton-proton collision, a large amount of particles is created. From there, we choose
which relevant particles to simulate (K, K=, K, K%, pu*, p=, A, n°, S+, 27, 7%, 7=, pt, v, et
and e~) by analyzing which particles lived enough inside the calorimeters to be able to deposit a
relevant amount of energy.

We designed the detector geometry as a box (one absorber) of the most abundant material in each
calorimeter. The dimensions of this box varied according to the real dimensions of the calorimeter,
in order to be able to calculate energy depositions of particles being produced at any stage of the
calorimeter. For each one (ECal, HCal barrel and HCal end caps) we used 22 different lengths, that

represented the dimensions of the box, separated logarithmically from each others: starting on 1.0

2This simulation is going to be presented soon by this author as a thesis for obtaining a Degree
in Physics.
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mm and finishing in the longest distance a particle can travel inside the simulated calorimeter.

This simulation in Geant4 receives as input the incident particle with specific incident energy,
the material of the detector that is going to be used and the length of the detector. It returns as output
the deposited energy with its respective error and information of the secondary particles (particles
emerging from the detector), such as type, energies, probability of emerging and average quantity
of particles emerging.

For obtaining the exact energy deposition of a particle with incident energy E that travels a
given distance D we generate a double linear interpolation. We select the two simulated values of
travel distance that are the closest to the real value D, D1 and D2 (one smaller and one bigger) and
we do the same for the incident energy obtaining E1 and E2. This gives us four pairs of data: one
containing D1 and E1, one D2 and E1, the next one D1 and E2, and the last one D2 and E2. We
then do two linear interpolations on the distance for obtaining two energy deposits, maintaining
the incident energy constant. Next, we do a linear interpolation over E1 and E2 using the two
energy deposits found before, obtaining the final energy deposit. This is the energy deposit that is
used in the calorimeters. We do the same procedure for obtaining the information of all secondary
particles. For calculating the final quantity, as it should be an integer, we do: @) + 0 X RndmG,
where RndmG' is a random number coming from a Gauss distribution, and use the next bigger
integer.

In order to generate the secondary particles, we first sort all the secondary particles by proba-
bility, from higher to lower. Then we generate a random number on a uniform distribution, if the
number is bigger than the interpolated probability, we do not take into account this particle, if it is
smaller, we save the particle for analyzing it in the correspondent sub detector routine. Since this
has a random component, we also need to ensure energy conservation. For this, we keep a count
of the energy deposited plus the energy of all particles exiting the calorimeter. If the final energy
beats the incident energy, we eliminate the last secondary particles until the energy is conserved.
If the final energy is not enough to cover all the incident energy, we add a particle of the type of

the incident particle with the energy needed for the conservation.
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As an example of the results of this simulation for energy depositions, we show in Figure 4.4
the simulation of a box of steel that would represent the ATLAS HCal barrel. On the left panel we
show the normalized energy versus distance traveled by a particle of incident energy 10.5 GeV, and
on the right panel the normalized energy versus incident particle energy for a particle traveling a

length of 1.04 m (52.8% of the total HCal barrel width).
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Figure 4.4: Geant4 simulation of particles through a block of steel that would represent the barrel
of the ATLAS hadronic calorimeter. Left: normalized energy versus distance traveled by particle
for an incident energy of 10.5 GeV. Right: normalized energy versus incident particle energy for
1.04 m length. Bottom: color code of particles included in the simulation.

With these simulations we are able to identify, with a higher precision, the deposited energy
in each calorimeter and track the particles generated through all the ATLAS detector. The Toy
Detector and the main program were both based in [30]. More information about it can be find

in[1].
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| Trigger | 2015 [ 2016 | 2017 | 2018 | Total |

High-E1 CalRatio Trigger with E;>60 GeV 3 33 41 40 117
High-Er CalRatio Trigger with E;>100 GeV - - 44 59 103
Low-Ep CalRatio Trigger (2016) - 11 43 - 54
Low-Ep CalRatio Trigger (2018) - - - 59 59

Table 4.2: CalRatio Triggers available during LHC Run 2 and the integrated luminosity (fb=!)
collected during each period of time (from year 2015 to 2018) and in total. Table obtained from

[2].

4.3.3 Triggers and Selection

During the data collection of LHC Run 2, there were two CalRatio Triggers available: the High-
Ep focusing on large mass particles and the Low-E; focusing on small mass particles. There are
two versions of each trigger, implemented in different periods of time. In our implementation we
use the four triggers and adapt them to be able to simulate as best as possible the data collected
by the ATLAS experiment. The triggers used by ATLAS are presented in Table 4.2 as well as the
integrated luminosity collected for each in the different years and in total. We infer from the table
that the Low-E7 2018 trigger runs paired with the High-E+ 100 GeV trigger since both of them
had a collected luminosity of 59 fb~! the year 2018, and the Low-E7 2016 trigger run paired with
the High-E1 60 GeV trigger in the years 2016 and 2017, since in the combination of both years,
both triggers had a collected luminosity of 54 fb~!. Thus, the High-E7 100 GeV trigger run alone
collecting 44 fb~! in the year 2017 and the High-E 60 GeV trigger run alone collecting 63 fb~!.
In the following we will consider this assumptions for the calculations of the number of events

surviving all the selection process.

4.3.3.1 Level 1 Trigger

The CalRatio triggers (High-Er and Low-Er) only differ from each other on the L1 trigger, the
HLT is the same for both.

The High Er L1 Trigger

Selects energy deposits (in the ECal and HCal combined) within a An x A¢ area of 0.2 x 0.2 which
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must be greater than 60 or 100 GeV, depending on the version.

For implementing it, we assumed the energy deposits, computationally, can be interpreted as
jets, then we do a clustering of the detected particles in the ECal and HCal using FastJet with a
radius (R parameter) of 0.112. We chose this parameter to generate areas similar enough to 0.2 x 0.2
(An x A¢), and applied the corresponding 60 or 100 GeV cut over the total energy.

The Low Er L1 Trigger

The 2018 (2016) version of this trigger selects events where the (two) largest energy deposit(s)
have a deposition on the HCal greater than 30 GeV and a deposition on the ECal smaller than 3
GeV.

For implementing the Low Er L1 triggers, we made the same assumptions as in the High Er
trigger, and used FastJet to generate jets with an R parameter of 0.2, as specified in [22]. For this
implementation we used the separation of energy deposited on the ECal and HCal made for each jet,
and analyzed separately the depositions in each calorimeter. First we analyze the energy deposited
on the HCal, if it is greater than 30 GeV, we analyze if the the energy deposited in the ECal is less
than 3 GeV, if one of these requirements is not satisfied, the jet does not pass the trigger.

Since only one of these two triggers is necessary to pass to the next trigger, we implement first
the High Er L1 trigger, and if passed, the event goes directly to the HLT, if it is not passed, then it

goes through the Low Er L1 trigger.

4.3.3.2 High Level Trigger

If an event has already passed one of the L1 triggers, it now goes through the cuts of the HLT,
presented in Table 4.3. For this trigger we will use the jets clustered inside the Toy Detector with
R parameter 0.4.

All the jets of each event pass through a CalRatio jet cleaning algorithm that will eliminate
signal coming form electronic or pile-up noise. We do not implement this algorithm since, as a
simulation, we do not have this type of noise. Then, in each event that survives this algorithm, at

least one of the jets must have: E; > 30 GeV, || < 2.5 and log,((Fuca/Frca) > 1.2. The last one
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guarantees large depositions of energy in the HCal compared with the ECal (about 16 times) which
will strongly suggest the jets coming form an LLP. We implement this by using the eneecal and
enehcal variables defined in the clustering. Jets surviving these cuts are going to be the trigger
jets.

Trigger jets are also required to have no tracks with pr > 2 GeV in a cone of AR = 0.2. For
this requirement we designed a double loop. The first loop is over all the surviving jets. For each of
these jets we do a loop over all tracks (particles detected in the ID). If the angular distance between
the track and the jet being analyzed is less than 0.2, we proceed to analyze the momentum of the
track, if it is greater than 2 GeV, then the jet is discarded, otherwise, it survives the cut.

For an event to pass all the pre selection process, it needs to pass the CalRatio trigger and to
have at least two clean jets. The requisites for a jet to be a “clean jet” are: py > 40 GeV and ||
< 2.5. There is an additional requirement for isolation defined as AR,,;,(tracks, jets), a variable
that measures the angular distance between the jet axis and the closest track with pr > 2 GeV. We
require that XAR,,;, (tracks, jets) > 0.5, where the ¥ implies the summation over all clean jets
with py > 50 GeV. For implementing this we designed a double loop, similar to the one used for
the no tracks requirement. The first loop analyzes the surviving jets, if it has an energy greater
than 50 GeV, it passes to the second loop, which analyzes all particles in the ID. Inside this loop
we search for the smallest angular distance between the jet and the particle in the ID (which has to
have momentum greater then 2 GeV) and save it in a variable. There is only one result per each
clean jet. A summation is made over all the results, if the it is greater than 0.5, the event survives,

if not it is discarded.

4.3.4 Event selection

After the pre selection, the requirements for the events to be accepted in the analysis also include:
a jet-level neural network (NN) trained to distinguish signal-like jets, a per-event Boost Decision
Trees (BDT) to differentiate events from background and signal, with event level variables, a trigger

matching algorithm (where at least one CalRatio jet candidate must match the jet that fires the
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High Level Trigger ‘ Cuts ‘

Jets passing the CalRatio cleaning >1
(ET)(j) > 30 GeV
nl) <25
logo(Encal/ Encal) (j) >12
Preselection ‘ Cuts
Number of clean jets > 2
AR, ,in (tracks, jets) > 0.5

Table 4.3: High Level Trigger cuts.

trigger) and a time window -3 < ¢ < 15 ns (for avoiding background or remnants signals from
another bunch crossing). We did not implement these requirements, but we simulated them by an
efficiency. We obtained the average efficiency of each of the triggers for the High-Er and Low-Er
analysis reported in the ATLAS search, and generate a random number between 0 and 1 using a
uniform distribution, if the random number is greater than the efficiency obtained we discard the
event, if not, the event survives and we proceed to the next requirement.

There are two algorithms for selecting the jets of this analysis: the High-E1 algorithm and the
Low-Er algorithm. We considered the High-E selection algorithm for models with mg > 200 GeV
and the Low-Er algorithm for the rest. Both of them are independent of the CalRatio trigger used
and use the same type of cuts but differ on the required values for each one. The NN analyzes all jets
in the event and gives each of them a score reflecting the probability of them being a displaced jet
coming from the an LLP decay. Then, the BDT select four jets (two for each selection algorithm),
depending on the score given by the NN. There are two special requirements for these four CalRatio
jet candidates: the log,,( Encal/ Frca) must be greater than -1.5, and they must not be detected on
the junction between the ECal barrel and end caps (1.45 < |n| < 1.55) since the poor coverage of
the ECal might produce jets with artificial low fractions of energy.

From these four jet candidates, two of them should pass the following cuts (Table 4.4). Since
we cannot apply the machine learning methods, we choose the best pair of jets that correctly satisfy
the requirements for reproducing the results.

Each event must contain two jets that satisfy:
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| Low-Er | High-Er |

H5% | Hp < 0.6 H7s% | Hp < 0.6
Y12 10810(Encal/ Euca) > 2 | Xjy j, 10810 (Erca/ Eecal) > 1
Prj1 >80 GeV Prj1 > 70 GeV
P12 >80 GeV Prj2 >80 GeV
NN product > 0.7 NN product > 0.5

Table 4.4: Event selection restrictions presented for Low-E and High-Er analysis.

* The ratio H7***/Hy < 0.6, where Hrp is defined as the scalar sum of the jets transverse
momenta and H7"*** as the magnitude of the vectorial sum of these jets transverse momenta

(equations 4.1 and 4.2 respectively),

HT - Ei’ﬁT’i (41)

HP™ = |5 (pr), | (4.2)

 The sum ¥;, ;, 1og1o(Ercal/ Ercal) must be greater than 2 for the Low-E7 selection and 1 for
the High-Er selection, j; and j, refer to the two jets selected. This ensures the fraction of

energy deposition in the HCal is considerably greater than that in the ECal.

* The transverse momenta of the two jets must be greater than 80 GeV for the Low-E algo-

rithm and for the High-Er one, one greater than 80 and the other greater than 70 GeV.

* Both must satisfy a restriction on the NN prodcut (0.7 and 0.5), but, as explained before, we

will use an efficiency to cover this.

4.3.5 Background estimation

At last, for estimating the background a data-driven ABCD method is used by ATLAS. The proce-
dure consist on creating a plane with two uncorrelated variables (one for the ’x” axis and one for
the ”y” axis) and assuming the background can be factorized in this plane. The AR,,;,(tracks, jets)

and the BDT score are chosen. This plane generates four regions: A, B, C and D. The events in
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Scalar mass mg (GeV) ‘ LLP mass m,, (GeV) ‘ c7 (m) ‘

1000 275 2.40
600 150 1.84
400 100 1.61
200 50 1.25
125 55 1.05
60 5 0.22

Table 4.5: Combination of masses of the scalar and the LLP, and c7 reported in [2], each of the six
combinations are simulated and analyzed by the PUCP Toy Detector.

region A are considered to be the signal events, the ones in regions B, C and D are going to be
considered background. For an event to be part of the region A in the High-Er analysis is required
to have a AR,,,;, (tracks, jets) greater than 1.5, and a High-E BDT score greater than 0.36. If it is
part of the Low-E7, the requirements are: AR,,;,(tracks, jets) greater than 1, and a High-E1- BDT
score greater than 0.27.

In our simulation we implemented the requirements of AR,,,;,, (tracks, jets) and applied an ad-
ditional efficiency due to the BDT cut. This efficiency is calculated by taking the total efficiency
produce by the whole Region A cut (AR and BDT) given by the ATLAS experiment, and then
dividing it by the efficiency generated in our simulation, containing only the implementation of
the AR requirement. We obtained an average efficiency for the High-Er selection algorithm and

another for the Low-Er. They are discussed in the following Section.

4.4 Results

We generated collision data for the model detailed in Section 4.2 in MadGraph5 for the six com-
binations of masses reported in the analyzed ATLAS search (Table 4.5) obtaining the Les Houche
Event files to be processed by the PUCP Toy Detector. We applied all the triggers and cuts spec-
ified in Section 4.3.3 in the main program, as shown in the flow chart (Figure 4.2). With all this
information we obtained the percentage of events surviving each cut in our detector.

As specified in Table 4.2, during different periods of time, there are different CalRatio triggers

available for data collection, which collect different integrated luminosities. From this, we assume
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that:

the High-E+ 60 GeV trigger together with the Low-Er 2016 trigger have collected a total

luminosity of 54 fb~!;

the High-E1 60 GeV trigger by its own has collected an additional 63 fb~.

 Similarly, for the High-E7 100 GeV trigger together with the Low-Er 2018 trigger, the total

luminosity collected is 59 fb~1,

the High-E1 100 GeV trigger by its own has collected an additional 44 b,

For this reason we run, per each combination of masses, two different sets of data of 50k events
each. One is used to obtain the events surviving all the selection process applying the High-E1 60
GeV or Low-Er 2016, and the other applying the High-E+ 100 GeV or Low-E1 2018.

Since we generate ¢ production with and without an initial state radiation (ISR) jet, we run an
algorithm for matching and merging our Pythia-generated event. This leads to having a lower total
number of events to be analyzed.

Even though we have four combinations of triggers, we only used two sets of data. In each of
them we analyzed one version of the High-E1 and one of the Low-Er L1 trigger. We recognized
the probability of an event passing the High-Er trigger (any version) is considerably higher than
that of passing the Low-Er trigger (any version). This led to the conclusion that the most optimal
way of running this trigger is to first run the High-E trigger; if the event survives, it proceeds to
the next requirement (HLT). If it does not survive, the event passes through the Low-E trigger. If
it survives, the L1 trigger is considered passed, and the event proceeds to the next requirement. If
it does not survive, it is discarded.

For obtaining the total efficiency e of the events surviving each of the cuts, we weighted the
sum of the efficiencies of the four combinations of triggers discussed before, by using the following
equation:

o DNs
= EEE(EN) 4.3)
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where N is the number of events surviving the cuts, N, the number of generated events after
matching, £ the collected luminosity and the sub index ¢ represents the summation over the four
combinations of CalRatio triggers.

In Tables 4.6, 4.7, 4.8, 4.9, 4.10 and 4.11 the results per cut are shown. Each table shows the
results for a different combination of scalar and LLP masses. “Preselection (trigger)” refers to the
percentage of events surviving the CalRatio trigger (L1 + HLT), and also the additional require-
ments on AR, (tracks, jets) and the presence of two clean jets. “BDT, matching, timing” refers to
the events passing the restriction made by the Boost Decision Tree, in our case a unique efficiency
is applied in all cases, the same as in the “NN product” entry that refers to the Neural Network prod-
uct, the product of the two highest NN scores for clean jets in a given event. The “Selection” entry
shows the percentage of events surviving the correspondent event selection algorithm (depending
on the masses of the model being analyzed). Finally, the “Region A” entry makes reference to the
percentage of events that, after all the cuts being applied, survive to the AR,,;,(tracks, jets) and
BDT requirements added by the ABCD method for background estimation. The tables show for

each cut:

» Experimental results (Exp.). These are results reported on [2], given as the percentage of

events surviving the respective cut. The number of total events is unspecified.

* Efficiency obtained by the PUCP Toy Detector (Eff.). It is calculated analyzing the four
possible combination of CalRatio triggers by using equation 4.3. It represents the percentage
of the events surviving the respective cut, given that they have survived all the requirements

before.
* Number of events coming only from the High-E; L1 60 GeV trigger.
* Number of events coming from the High-E1 L1 60 GeV and the Low-E; L1 2016 triggers.
* Number of events coming only from the High-E+ L1 100 GeV trigger.

* Number of events coming from the High-E; L1 100 GeV and the Low-E1 L1 2018 triggers.
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It is intuitive to see that the subtraction of the quantities (L1 60 GeV +2016) minus (L1 60 GeV)
will give us the amount of additional events that are surviving to the Low-E CalRatio trigger but
not the High-Er trigger. The same applies for the 100 GeV and 2018 version. It might seem that
there are considerably less events passing the Low-E CalRatio trigger than the ones that pass the
High-E1 CalRatio trigger, but this is not necessarily the case. There are two principal reasons for
this, we analyze the High-Er trigger first, and if passed, we do not analyze the Low-Er trigger,
which creates the possibility of having an event that might pass the two triggers independently
but will appear as passing only the High-Er. The second reason is because the Low-Er trigger
is more restricted, the requirements for this triggers are stronger. It is also notorious that for the
lowest masses, there appear to be no additional events surviving the last cut (Region A) coming
from the Low-E7 trigger. Besides the two reasons already given, it must be noted that the statistics
are really small compared to the higher masses, which might also produce these low efficiencies
for the trigger.

In the tables we can also observe that the efficiency obtained by the PUCP Toy Detector in the
Region A is always within the order of magnitude reported by ATLAS search. In this way we can
conclude that the results are precise enough and with this the detector is validated and prepared for

a future search for LLPs decaying inside the calorimeters based in any other BSM model.
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Exp. | Eff. | High-Er 60 GeV ng;; fgiozgf;] High-E7 100 GeV Higfofvf EITO(; (ﬁegv
Preselection (trigger) 23 30,8 5968 5968 5937 5955
BDT, matching, timing | 20 27 5205 5205 5245 5261
Selection 12 | 13,7 2630 2630 2674 2676
NN product 93 | 9,6 1868 1868 1836 1837
Region A 74 | 7,5 1484 1484 1460 1460

Table 4.6: Model with mg = 1000 GeV and m,, = 275 GeV. Number of events run for L1 60 GeV + 2016: 19331, and number of events
run for L1 100 GeV + 2018: 19345. Event selection algorithm used: High-Er.

Exp. | Eff. | High-Er 60 GeV ffgL}; f_TEiozgleZ High-Er 100 Gev | " igfofi EITO(; (ﬁegv
Preselection (trigger) 19 | 243 5204 5204 5175 5217
BDT, matching, timing | 17 | 21,3 4562 4562 4528 4566
Selection 9,6 |109 2342 2342 2309 2310
NN product 69 | 7,6 1623 1623 1623 1623
Region A 48 | 59 1258 1258 1262 1262

Table 4.7: Model with mg = 600 GeV and m,, = 150 GeV. Number of events run for L1 60 GeV + 2016: 21284, and number of events
run for L1 100 GeV + 2018: 21453. Event selection algorithm used: High-Er.

High-E1 60 GeV

Exp. | Eff. | High-Er 60 Gev | " S" 77 " | High-Er 100 GeV H, igé’ofvf;:g(ﬁegv
Preselection (trigger) 15 |19,9 4753 4753 4463 4598
BDT, matching, timing | 13 | 17,5 4148 4148 3904 4028
Selection 6,8 | 7,8 1796 1796 1836 1851
NN product 42 | 5,6 1261 1261 1332 1342
Region A 2,6 | 42 963 963 998 1004

Table 4.8: Model with mg =400 GeV and m,, = 100 GeV. Number of events run for L1 60 GeV + 2016: 23258, and number of events
run for L1 100 GeV +2018: 23191. Event selection algorithm used: High-Er.




Ly

Exp. | Eff. | High-Er 60 GeV ng;; fgiozgf;] High-E7 100 GeV Higfofvf EITO(; (ﬁegv
Preselction (trigger) 6,9 8 2587 2593 1785 2367
BDT, matching, timing | 5,9 | 64 1926 1930 1324 1724
Selection 0,59 | 0,79 228 228 205 208
NN product 0,53 | 0,46 128 128 124 126
Region A 0,46 | 0,32 90 90 89 91

Table 4.9: Model with mg = 200 GeV and m,, = 50 GeV. Number of events run for L1 60 GeV +2016: 27501, and number of events
run for L1 100 GeV + 2018: 27466. Event selection algorithm used: Low-Er.

High-E1 60 GeV

Exp. | Eff. | High-Er 60 GeV | 7" 1% W | High-Er 100 GeV Higfoifgfg(ﬁegv
Preselction (trigger) L1 | 1,5 523 525 376 475
BDT, matching, timing | 0,84 | 1,2 385 386 278 353
Selection 0,06 | 0,17 61 61 43 44
NN product 0,04 | 0,12 42 42 33 33
Region A 0,03 | 0,09 31 31 22 22

Table 4.10: Model with mg = 125 GeV and m,, = 55 GeV. Number of events run for L1 60 GeV + 2016: 30713, and number of events
run for L1 100 GeV + 2018: 30936. Event selection algorithm used: Low-Er.

Exp. | Eff. | High-Er 60 GeV ffthO f.TEjOzgf;/ High-E7 100 GeV Higfofvf;fg (ﬁ‘;\/
Preselection (trigger) | 0,73 | 0,94 377 377 284 361
BDT, matching, timing | 0,45 | 0,73 273 273 215 266
Selection 0,02 | 0,09 33 33 33 33
NN product 0,006 | 0,06 21 21 20 20
Region A 0,003 | 0,040 14 14 14 14

Table 4.11: Model with mg = 60 GeV and m,, =5 GeV. Number of events run for L1 60 GeV + 2016: 35473, and number of events run
for L1 100 GeV + 2018: 35257. Event selection algorithm used: Low-Er.




Chapter 5

Summary and Conclusions

In the present thesis we have used the CalRatio trigger to search for Long Lived Particles decaying
into hadron jets in the calorimeters of the ATLAS detector by reproducing the results obtained by the
ATLAS Collaboration [2]. We simulated the studied model in MadGraph5. It was composed by a
heavy scalar field generated via gluon fusion decaying into two dark pions (the LLPs), each of them
decays into a pair of fermions. We have generated two data sets of 50 000 events in MadGraph5 for
each combination of masses given in Table 4.5, each of the data sets is dedicated for running one
of the two different versions of the CalRatio triggers.

We have implemented all the cuts used in the search: the two CalRatio triggers, with two ver-
sions each, composed by a Level 1 trigger, a High Level Trigger and some additional cuts; and the
event selection algorithms (High-Er and Low-E7) that will select the events that are considered
candidates to signal. We also implement the cuts necessary for background estimation (which uses
a data- driven ABCD method), necessary to define the region that is going to be the signal (region
A). The search also applies some restrictions based on a neural network and a Boost Decision Tree.
We do not apply these restrictions, but we use the results obtained by the Collaboration and use
them as an efficiency.

For this implementation we have presented the construction of a simulation of the ATLAS ex-

periment which we call the PUCP Toy Detector. It is based on all the features the ATLAS detector
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has. It considers: dimensions, efficiency and resolution of each sub detector, limits on pseudora-
pidity and energy depositions on the calorimeters given by a Geant4 simulation. It tracks every
particle in an event coming from the proton proton collision and returns the reconstructed energy,
momentum, pseudorapidity and phi angle, and clusters all particles detected in the calorimeters
using FastJet. The PUCP Toy Detector receives as input a Pythia8 object with the information of
one the event. It is called from a main program which receives as input a Les Houche Event file.
The program runs Pythia8 over the LHE and generates the hadronization. Subsequently, it calls the
Toy Detector. With the information the Toy Detector returns, it analyzes the triggers and selection
algorithms.

Finally, after applying all the cuts, we analyze the results obtained and we concluded that the
PUCP Toy Detector reproduce, with reasonable precision, the results already obtained by the AT-
LAS Collaboration, so we are able to say say the detector is validated and prepared to be used.
This is an important achievement since we successfully accomplished to develop a tool relevant
for searches of new physics, specifically of long lived particles, and is now prepared to perform
a search for LLPs coming from BSM models that have not been experimentally studied before,
such as an R parity violation SUSY model or one containing a Heavy Neutral Lepton (i.e. a heavy

neutrino produced by the Seesaw mechanism).
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