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Chapter 1

Introduction

An eagerness for the truth is part of what makes us human. This has been true across cultures
through different times: ancient Greeks who toyed with mathematics of trigonometric objects saw
an eternal truth in their beauty; in the Eastern Zhou Dynasty of Chinal, influential scholars debated
the truthful nature of humans and, therefore, their subsequent duty; driven by the same thirst, in
modern days humans took to space, went on the moon and began exploring the extra-terrestrial
frontier for beyond earth. The aspiration for truth formed knowledge. It has advanced technology,
medicine, law, science, and human psychology. FEverything in our civilization derives from this

ambition in humans to seek truth.

Human’s endeavor for the truth is always to uncover something more than what is already known:
over two thousand years ago, Plato saw the truth in the ideal forms beyond the shadow projections
of everyday things [1]; Amongst the mechanical industrial world view 19th century, Immanuel Kant
postulated a world of the transcendental, a world of the fundamental nature of things, behind the
world of phenomena, of human senses [2}.2. In contemporary times of the 21% century, faced with
the clash of cultures and perspectives facilitated by the internet and modern transportation, truth
is no longer seen as a static set of doctrine or statements of facts in the older daysg, but humans’

endeavor to the truth has not stopped.

Combined with the idea of subjectivity, contemporary philosopher Alain Badiou has formulated

the logic for the search for truth as ”truth procedures”: truth is the subsequent discourses and

"Eastern Zhou is a Chinese dynasty that existed between 771 to 476 BCE. Influential scholars include Confucious,
Lao-tse, and Mo-tse.

*Kant in his famous book the Critque of Pure Reasons [2] call this world of the transcedentals the noumenon
(contrasting with the world of phenomenon that can be perceived by human senses. Kant believes this transcendental
realm that we have no access to is actually the true nature of things. The transcendental is sometime referred to as
the thing-in-itself.)

3The view of truth as a direct correspondence to facts is known as the Correspondence theory of truth [3]. Detail
objections to the theory can be found in the reference.



knowledge re-development that follows from a rupture or an accident” that shatters our exist-
ing knowledge system [4]. This "truth procedure” echoes ideas from Thomas Kuhn on scientific
paradigm shifts [5], but also describes truth seeking as part of individual ethics. ”There is always
only one question in the ethics of truth”, Badiou wrote, "how will I, as someone, continue to exceed
my own being?”[6]. The search for truth is not seen merely a human desire, but also a moral duty

to remain authentic to himself/herself.

Particle physics is a search for truth in the most elementary form. It seeks to understand funda-
mental particles and their interaction as building blocks to the world around. Not only does it
expands knowledge of the smallest possible observable universe, but it is also a study of the things
that constitute chemicals, biological cells, animals, highrise structures, and everything else under
the physical realm. Knowledge in particle physics is also tightly related to objects of the largest
scale, namely cosmology, knowledge in particle physics affects the structure of the entire universe,

its evolution and is essential to answering questions on the origin of the human.

Particle Physics as a field was developed in the 1960s together with advances in Quantum Field
Theory. Through new experimental findings and new theoretical model-building techniques, the
Standard Model of Particle Physics was established. The theory is the epitome of human’s under-
standing on the fundamental building block of the universe. The model enjoyed many successes:
many predictions made were later confirmed by experimental findings. The J/¥, Z, and the Higgs
Boson are all discovered that way. Human understanding of matter, its origin, and the governing

laws between the interactions has since been greatly advanced.

However, even with its success, there remain many open questions to the Standard Model of Particle
Physics. For example, the Standard Model in its current form does not describe gravity or any
of its interactions; there is a mathematically unnatural fine tuning of several parameters in the
theory; in addition, the Standard Model also does not include dark matter, which makes up the
majority of the matter ( 85% ) of the universe or dark energy, which in Einstein’s theory explained

the expanding universe seen today.

One way of fixing the inconsistency is by finding new particles predicted by different theoretical
hypotheses. One way to find these new particles is through high-energy particle collisions. If dark
matter interacted weakly with Standard Model particles in the early universe like many theoretical
models have come to predict, it would be possible for them to be produced through high-energy
collisions of Standard Model particles. One possible signature of Dark matter can be searched in

forms of Dark Matter mediator that appears as anomalous resonances.

This thesis offers a few humble attempts to resolve some of these standing problems in the Standard

Model of particle physics by discovering new particles that would offer extra insights to future theory

“Badiou called such rupture or accident an Fvent



building. These are done by attempting to create previously unobserved conditions in high-energy
particle collisions via the Large Hadron Collider. It uses data collected by the ATLAS experiment
in the Large Hadron Collider. These new particles, if discovered, as little inconsistencies to the
Standard Model of Particle Physics, are nuggets to truth. It has great potential to add to our

understanding of fundamental particle physics.

The thesis is organized as the following: chapter 2 describes the history and the description of the
Standard Model; chapter 3 discusses the theory of dark matter; chapter 4 presents the experimental
setup of the Large Hadron Collider and the ATLAS experiment; chapter 5 covers the common
analysis items (reconstruction of objects )and their preparation before the analyses; Chapter 7- 8
outline the analyses that I played a major part in, namely the dijet resolved analysis, and the low
mass dimuon analysis; this thesis also covers a future direction for resonance finding in collider
physics in Chapter 9, that discusses uncovered resonances in the two body final states. These novel
techniques, together with theory-driven approaches, could hold keys to unlocking the next finding

that can revolutionalize our current understanding of particle physics.

The pursuit of Aletheia(truth) is a nessessity to human authenticity, as philosopher Martin Heideig-
ger famously put. This thesis could be seen as a humble response in face of such human condition,
or a fulfillment of an ethical duty to remain authentic, even if nothing more was achieved. But
perhaps there is still more to the pursuit than any eloquent philosopher can ever formulate: it is
an adventure of joy and pleasure to uncovering all things unknown. It is a journey that reminds

us, what we are is always more than what we know.



Chapter 2

The Standard Model of Particle
Physics

Ex pede Herculem.
(From the feet, Hercules.)
—Herodotus, Book IV, Section LXXXII. Plutarch

The Standard Model of Particle Physics (SM) is the epitome of human understanding of physical
elementary building blocks to date. From the SM, the properties and interactions of seventeen
fundamental particles and their interactions are laid out. It provides the foundational understanding

of matter and its interactions on the quantum scale.

This chapter provides an overview of the SM: In Section 2.1, a theoretical description of the SM
is given, the mechanism of the theory is discussed, and the Gauge fields and their particles are
listed. As a complete picture of the SM relies on experimental measurements of its parameters, the
measured values of the eighteen parameters are also cataloged in this section. Despite the many
advances made by the SM, there remain many open questions left to be solved. Some of them
are motivators to studies performed in this thesis. In Section 2.2, a summarized list of resolved

problems to the SM is presented.

2.1 Standard Model: Theoretical Description

Mathematically, the SM is a gauge theory under the Quantum Field Theory (QFT) framework.
Particles are represented as different quantized fields operators. The particle interactions are de-

scribed by the SM Lagrangian which takes the form as shown in Eqaution 2.4. Through the SM



Lagrangian, all physics laws concerning the particle interaction channels, their interaction cross

sections and their motion through scattering can be derived.

2.1.1 Symmetry

Symmetry is the cornerstone of many laws in physics. Mathematically, it’s the invariance of quanti-
ties through transformation, and is shown by the Noether’s Theorem [7] to be related to conservation

laws in physics:

e Spatial Translational Symmetry < Translational Momentum Conservation
e Time Symmetry < Energy Conservation

e Rotational Symmetry <> Angular Momentum Conservation

A symmetry and its transformation can be summarized by the mathematical language of group
theory. In group theory, continuous transformation is described by the Lie group and the discrete

transformation is represented by a finite group.

There are two kinds of symmetries in the SM, external symmetries and internal symmetries. Exter-
nal symmetries are related to space-time transformation of the particle; internal particle symmetries

are related to other particle properties other than space-time.

External Symmetries

External symmetries are transformations on the space-time coordinates, The SM external symme-
tries can be summarized by the following three groups, known collectively as the Poincaré group.

Each of the terms conserves a physics quantity.

PxJxK (2.1)

e P: Spatial Translational Symmetry

Abelian Lie group translation on space-time conserves momentum

e J: Rotational Symmetry

Non-Abelian Lie group of three-dimensional rotation conserves Angular Momentum



e K: Boost Symmetry

Abelian Lie group of four dimensions conserves the Invariant Interval in Special relativity.

The Invariant Interval quantity is defined as:

As?E A% - (Aas2 + Ay2 + AZQ) (2.2)

In special relativity, when the space-time measurement of an event is transformed through different
frames of reference, the Invariant Interval remains unchanged. In the equation above, As” is the
Invariant Interval, At? is the difference in time measurements between the two frames of reference,

and Ax, Ay and Az are the difference in position in between the different frame of reference.

Internal Symmetry

The SM internal symmetries describe the transformation in physical properties of the particles
other than space-time. Particle gauge field interactions can be described as “transformations”
from one field to another under internal symmetry. The different physical invariant quantities that
are conserved under these particle transformations/interactions are called “charges”. From these

internal symmetries, Charge, Parity and Time reversal symmetry (CPT) is observed.

The internal symmetries are given as:



Field Members Spin U(1)y) SU(2), SU(3)c

n

E Ll (6L7 Ve,L)) (HL) V,LL,L)) (TLa VT,L) 1/2 -1 2 1
& eRr, €R; MR TR 1/2 -2 1 1
—

g Q (ur,, dv), (cL, s1), (t, br) 1/2 1/3 2 3
& UR, uR 1/2 4/3 1 3
& dn, dr /2 -2/3 1 3
Wg{éfﬁ? 77777777777 B 1 0 1 1
e W (W1, Wy, Wa) 1 0 3 1
Ok G G, a€[l,..8] 1 0 1 8
3% ¢ g 0 1 2 1

Table 2.1: The particle fields of the SM([8].

The SU(3)c symmetry describes strong force interaction, and it only affects the quark gauge
field with color charges. The SU(2)y, X U(1)y transformation describes the weak-isospin(L) and
hypercharge(Y) transformation and is effective on particles gauge field with the weak charge and the
weak-hyper charge respectively. The combined effect of the two fields gives the familiar electro-weak
force after spontaneous symmetry breaking (SSB). This affects both the quark field and leptonic

fields transformations, The mechanism of SSB is given in Section 2.1.3.

A detailed list of the fields and their charges along with their mathematical group and generator
can be found in Table 2.1.

2.1.2 The Lagrangian

Observing the symmetries given in the above section, the Lagrangian of the SM is written as the

following;:

1 i Uy T
Loy =—7  FuF™ =Y T4 Duf + (D) (D"6) - 1i*6"0 - Mo'0)? (2.4)
f

gauge

The first term describes the interactions of the gauge fields, where ng = QMA,% - &,Az +gf abCAZA,C,.
A, represents a gauge field, which could be G the gluon field, B the weak hypercharge field, or W

the weak isospin field, g is the gauge coupling parameter, and fabc is the structure constants of the

gauge group.



The second term describes the kinetic mixing of the fermion particle fields with the gauge fields; f
represents the fermion matter field, which includes the quarks and the leptons. The gauge covariant
derivative D,, is a short form, where D“ =0, - z’gl%Bu - igféWfl - igg)‘;Gz. Here, g1, g2 and g3
is the gauge coupling constants. Y, 7° and \” terms are the respective generators of the U(1)y,

SU(2), and SU(3)c gauge groups.

The last three terms concerns the Higgs potential. They are discussed in detail in Section 2.1.3.

2.1.3 Electroweak Symmetry Breaking

The SM Lagrangian as presented in the last section does not include mass terms. This is inconsistent
with observations from experiment1 The mass problem is solved by the addition of a spin 0 Higgs
field [10]. SM particles gain mass through the “spontaneous symmetry breaking” (SSB) of the
SU(2);, X U(1)y symmetry. This happen at the electron weak scale. After EWSB, the SU(2); X
U(1)y is broken into the Uone,,, symmetry. In the following, a condensed derivation of the SSB
is described [9].

SSB is consequential to the shape of the Higgs potential of the SM. It can be shown that the Higgs

potential is given as the following:

V(9) = =M = Air¢p' (2.5)

where ¢ is the Higgs potential and A\; and Aj; are parameters.

Ar< o Ar=20 Ar >0

stable
secondary branches

f ! 1

stable branching-point unstable
primary branch bifurcation primary branch

Figure 2.1: A schematic diagram of the Higgs potential [11].

When A; and Ay both take on a negative value, the potential, though symmetric, has a minimum

value not found at 0. The minimal value is found instead at v. At this minimum point of the

Tt can be shown that adding ad-hoc mass terms for these particle fields breaks the internal symmetries and is
not permitted by the theory [9].



potential, the vacuum expectation value is:

bo = S (O) (2.6)

While the overall potential is still symmetric, the particle is no longer at a symmetric equilibrium.

The symmetry is “spontaneously broken”.

It is shown in [9] that mass can be obtained when a gauge transformation is performed on the

vacuum expectation value:

1 0
¢o = Ve (V N h(x)) (2.7)

where h(x) is the perturbation of the field along the x direction.
This leads to the D, ¢ in the third to last term 2.4 to take the following form:
. a _a 1 I
D,¢ = (0, —igW,7" — i59 B,)¢ (2.8)

where W and B are weak isospin and weak hypercharge gauge fields defined as above, with g and

g’ are their corresponding coupling constants.

Plugging this back into the Lagrangian in Equation 2.4, the change in the Lagrangian will become:

1 2
AL = 5[ (W) + (W) + (—gW;i + ¢'B,)’] (29)

With the following substitutions:

1
W, = ﬁ(W,} T W) (2.10)
0 1 13
Zﬂ = ﬁ(g W,u, + gB#) (211)
g tg



1 3
—(g' Ay + 9By) (2.12)

Yu =
VgP+yg
where Wui is the field of the W™ bosons, Z is the Z boson field and v is the photon field.

It can be shown that the mass of the W* and Z, boson are [9]:

v
v
mz =\/g*+ "5 (2.14)
The vector field of the photon remains massless [9]:
m~ =0 (2.15)

This mass gaining process follows from the Goldstone’s Theorem [12]. It states that for each broken
continuous symmetry, a massless scalar boson will appear. After SSB, the W* and Z field acquire
mass by “eating” the degree of freedom from the Goldstone boson. These other bosons thereby

acquired mass.

As a consequence, after SSB, the weak isospin and hyper-weak forces SU(2);, X U(1)y become
U(1)gprs- The familiar electric charge can be shown as a combination the weak and hyperweak

coupling:

I

e=—99 (2.16)

Here, e is the electric charge, and g and g’ are the weak isospin and weak hypercharge couplings.

The electric charge quantum number can be written as:

1

Q=T3+2

Yiv (2.17)

where Q is the electric charge, T is the third component in the weak isospin from SU(2);, and Yy,
is the hypercharge quantum number from the U(1)y symmetry.



Table 2.2: The table shows the particle fields of the SM after SSB. Coupling and mass parameters
are provided.

Physical Field Q Coupling Mass [GeV]
wn
< u, c, t 2/3 (y;i=)1x107°,7x107°, 1 2x107%,1.27, 173
g d, s, b -1/3  (y;=)3x107°,5x 107,002 4x107* 0.10, 4.18
2
g e, T -1 (y;=)3x 1077, 6x 107 001 5x107* 0.106, 1.777
e, Ve, Vyy Vr 0 — -
Q
—
0 Y 0 OEM = 1/137 0
g Z 0 sinfy = 0.5 91.2
e (WY W) (+1,-1) Verm 80.4
A G 0 a, =01 0
%
0 h 0 \, [ 125.09
s

The particle fields and their measured properties after spontaneous symmetry breaking are given
in Table 2.2.

Mass terms the SM particles are recovered after SSB. The complete SM contains seventeen particles
along with their anti-particle counterparts. There are two types of particles, the bosons, and the
fermions: The bosons are particles that have integer spin and are the force mediator particles, this
include photon, Wi, 7 boson, the gluons and the Higgs boson; The fermions are particles that
have half spins. They include the quark and leptons, which are each divided into three generations.

Their experimentally measured values can be found in Figure 2.2 and Table 2.2.

2.2 Unresolved Problems in the Standard Model

The SM in its current form has many standing unresolved problems, and so a more complete
theory is out there to be discovered. These proposed extensions to the SM are called Beyond-the-
Standard-Model (BSM) theories. The unresolved problems and testing the BSM solutions are the
main motivators to many studies done in the particle physics community. In this section, a list of

major known existing problems of the SM is summarized.
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three generations of matter
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Figure 2.2: A schematic diagram of SM particles seen in the scale of the experiment of the Large
Hadron Collider [13].

2.2.1 Gravity

The Standard Model does not include gravity, a fundamental force. Many attempts to reconcile
gravity with the existing SM has been made, but it has proven to be challenging. More details can
be found in [14].

2.2.2 Naturalness

Naturalness is the property in physics theory where the dimensionless ratio between the free param-
eters and the physical constants should be of order 1. When a physical theory has a parameter ratio
that takes either a very large or small value outside the order of 1, they are considered “unnatural”
and unlikely to be fundamental physics quantities. The Standard Model shows many naturalness
issues in different dimensions: in the Oth dimension, there is a cosmological constant problem; in
the 2nd order, there is the Higgs Hierarchy problem; lastly, in the fourth dimension, there is the
strong CP problem. A detailed description of the problems is laid out in the following.

11



The Cosmological Constant Problem

The Standard Model allows for a Oth dimension constant in its Lagrangian that would not break
any of its symmetries. The constant would represent the vacuum energy density and would account
for the quantum fluctuation in vacuum. Under Zelokoch’s calculations [15], the relations between
the vacuum energy density and the cosmological constant of the Einstein’s Equation are directly

proportional as such:

pwcc2 = AC4/87TG (2.18)

Here, pyqc is the intrinsic density of the vacuum, A is the cosmological constant, G is the gravita-

tional constant and c is the speed of light.

The cosmological constant is a well-measured value in cosmology from the measurement of the ex-
pansion of the universe. The cutting off in either the Planck scale, a fundamental scale predicted by
quantum mechanics or the electro-weak scale in quantum field theory gives a theoretical prediction
value of the vacuum expectation value. However, these values do not match. The experimentally
measured value of pye. = 5.96 X 10_27kg / m? [16] is about 40-100 order of magnitude smaller than
the natural theoretical scale. This discrepancy poses the biggest naturalness issue in the Standard
Model.

The Higgs Hierarchy Problem

The Higgs Hierarchy problem describes the apparent large discrepancy in the order of magnitude
between the electroweak scale and the gravitational scale, the weak force is about 10%* greater than
gravity. Its effect can be seen in the Higgs boson mass is 17 orders smaller than would be expected
by the Planck scale. A popular solution is quantum corrections via supersymmetry [17], but as
more phasespace for supersymmetry is being ruled out, this solution is increasingly unlikely to solve

the problem and is left to be explored by physicists.

The Strong CP Problem

The Standard Model allows for a 4-th dimension term that describes strong Charge-Parity(CP)

violation naturally:

['QC'D D HQCDequaguyng (219)
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Here, Lgcp is the Lagrangian term of the QCD, 6gcp is the parameter that describes CP violation,

€upo 18 the structure constant. G"”G" is the strong gauge field.

Experimentally, strong CP violation is not observed: the neutron electric-dipole moment, which is
the quantity that measures the positive and negative charge distribution within a neutron, is found
to be exceptionally small [18]. As a consequence of the experimental result, the free parameter
focp in Equation 2.19 is believed to be either exceptionally small or zero. Since, there would be
no need for such a term in the theory if the parameters are exceptionally small, the term’s existence
in the Lagrangian is therefore seen as “unnatural”. This is known as the strong CP problem. One
well-known solution to the problem is the introduction of the Peccei-Quinn symmetry [19]. Under
this solution, the new field will create a term that naturally cancels with the strong CP term.
A particle named “axion” is predicted by this theory. Many experiments have since been on the

lookout for the particle, but it’s never yet been observed to date.

2.2.3 Neutrino Mass

The Standard Model does not predict neutrinos to have mass, however, this contradicts experi-
mental findings. Neutrino oscillation, the change of neutrino flavor over time or travel distance, is
observed in different solar and reactor experiments. Mathematically, this would only be possible
if there must be a mixing angle between the mass eigenstates and flavor eigenstates of neutrinos.

This forces the mass of neutrino to be non-zero, contradicting the SM.

Minimally, a minor extension to the SM is required for neutrino mass to be possible in the SM. This
is known as the v-SM theory. Currently, there are two leading camps of v-SM: the former camp
treats neutrinos as a Dirac field, much like other leptons in the SM; the latter predicts neutrinos
as a Majorana field, where the anti-neutrinos and the neutrinos is the same particle. Further

experiments are required to discover the nature of neutrinos mass.

2.2.4 Matter-Antimatter Asymmetry

The Cabibbo-Kobayashi-Maskawa(CKM) matrix of the SM, which descibes how quarks of different
types transform from one type to another, allows for some matter-anti matter asymmetry. However,
the measured value of the parameter in the SM is not large enough to account for its observed
value in the universe. Prediction of matter over antimatter is necessary to account for the observed
universe, which includes the formation of galactic structures, stars, and planets. BSM physics will

be necessary to account for the asymmetry.
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2.2.5 Flavor Problem

Not all flavors of quarks and leptons are created equal: the mass hierarchy of the quarks and leptons

are questions not answered by the SM.

2.2.6 Dark Matter and Dark Energy

SM only accounts for ordinary matter in the universe, which takes up only 4.9% according to findings
from the angular spectroscopy of the cosmic microwave background analysis. It is estimated that
dark matter makes about five times as much as ordinary SM particles. However, they are not
accounted for in the SM. Neither is Dark energy, which is estimated to take up 68.3% of the known
content of the universe. Figure 2.3 shows a pie chart that demonstrates the mass-energy distribution
of the universe. More details on the diagram and the proposed solution to dark matter in particle

form are covered in Chapter 3.

Dark Matter

Dark Energy

Figure 2.3: The energy distribution of ordinary matter from SM, dark matter and dark energy
given from Planck observational data. [20].
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2.3 Summary

The SM has led to many breakthroughs in understanding of matter at the fundamental level.
Precise measurements of all of the eighteen free SM model parameters 2.2 are made in different
experiments. With the discovery of the Higgs boson in 2012, all the particles predicted by the
model are found. However, there remains many open questions left to be solved. These all hints
at the existence of a more complete theory beyond what is known. In the next chapter, the SM

extension on dark matter will be discussed in detail.
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Chapter 3

Theory of Dark Matter

One does not become enlightened by imagining figures of light, but by making the

darkness conscious.
—Carl Jung

Dark Matter is one of the most solid pieces of evidence for Beyond-the-Standard-Model physics. In
1933, Fritz Zwicky first conceptualized the existence of a dunkle Materie (“Dark Matter”) holding
the galaxies to the cluster center and thus preventing them from flying apart [21]. The proposition
was later concurred by different findings by Horace W. Babcock [22] and Jan Oort [23], among

many others.

It is estimated that Dark Matter makes up about 25% of the existing matter-energy composition
of the universe, about 5 times more than ordinary matter(See Figure 2.3). It plays a major role in

astrophysical object formation and the evolution of the universe.

Dark Matter is known for interacting gravitationally and at most weakly (though recent evidence
has shown weak scale interaction to be unlikely [24]). It does not interact electromagnetically or
strongly. As various cosmological surveys and astrophysics analyses has revealed more Dark Matter
properties, it does not match that of any SM particle. Its creation, composition and interaction

mechanisms are not yet understood.

Different theoretical candidates have since been proposed for Dark Matter, which includes primor-
dial blackholes, massive compact halo objects(MACHOs), and weakly interactng massive parti-
cles(WIMPs) to name a few. A popular theory proposes that Dark Matter is made up of particles,
just like ordinary matter. Under this hypothesis, Dark Matter would be a different kind of parti-
cle(s) that is governed by physics in the “dark sector” not yet included in the Standard Model.
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Many experiments use different ways to search for Dark Matter particles. Experiments range
from satellite telescopes that hunts for photon excess from possible Dark Matter interactions, to
Earth target experiments that attempt to capture Dark Matter that travels through the planet.
Experiments that seek to further understand the nature of Dark Matter also include the Large
Hadron Collider: the machine features many experiments that seeks to produce Dark Matter
through extreme high energy intensity collisions of subatomic particles. This thesis will feature two
different analyses that seek to find Dark Matter with this method.

In this chapter, evidence for Dark Matter is reviewed in Section 3.1, Dark Matter and the current
properties that restrict its nature will be covered in Section 3.2, and Section 3.3 reviews possible
Dark Matter candidates. An overview of search methods for Dark Matter as a particle is covered in
Section 3.4; highlights of the theoretical modeling approach used by the LHC of Dark Matter are

discussed in Section 3.5. Lastly, LHC Dark Matter search signatures are discussed in Section 3.6.

3.1 Evidence

The evidence for dark matter include galactic rotational curvees, gravitational lensing and cosmic

microwave background.

3.1.1 Galactic Rotational Curve

The first proposition of Dark Matter was in the 1930s by Fritz Zwicky based on observation of the
Coma cluster. It was later confirmed by further systematic galaxy rotational curve studies by Vera
Rubin, Kent Ford [25] and Ken Freeman [26].

Most of the studies can be interpreted following Zwicky’s original argument: galactic clusters and
galaxies are treated as stable systems of discrete particles at astrophysical scale. They are therefore

governed by the Virial Theorem:

| —

N
(T) = - Z(Fk “Tk) (3.1)
k=1

Here T represents kinetic energy, F is the force that holds the particles in the system together, and

r is the distance between the particles, and N is the total number of particles in the system.

The Virial Theorem states that there is a direct correlation between the kinetic energy and potential

energy in a particle system. In other words, there is a correlation between the velocity of the object
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(through kinetic energy) and the mass (through gravitational force) of the system. The correlation

is as the following:

(3.2)

where v is the velocity, r is the distance from the center of the system and M(r) is the mass of the

galaxy enclosed by a sphere with a radius of r.

In these observational studies, the striking finding was that the velocity distribution for many of

these clusters and galaxies do not follow the prediction from the Virial Theorem: the velocity curves
1
NG
r, especailly in the outer rings. Figure 3.1 shows the difference between the theoretical prediction

of the galaxies do not follow the expected distribution, instead, they are close to constant to

and the observation.

Since the galactic rotational curves studies are performed on the luminous objects that can be ob-
served through light, which means invisible matter could just not be accounted for. One proposed
solution to the problem is to add a halo of non-luminous Dark Matter to these galaxies. The addi-
tional mass would then make the galactic rotational curves match the Virial Theorem prediction.
As the result is found across many galaxies studied, galactical rotational curves are seen as major

evidence for the existence of Dark Matter.

Observations gen

71 cm by dro

from

q‘aﬁ\?}“

Figure 3.1: The galactic rotational curve of M33. The expected rotational curve is shown in the
dotted line. Experimental data is shown in yellow and in blue [27].
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3.1.2 Gravitational Lensing

General relativity verdicts that massive objects bend space-time around them. The details are

captured elegantly in the Einstein’s Equation 3.3.

1 G
Ry, - §ng, +Ag = 8770—4TW, (3.3)

In this equation, R, is the Ricci curvature tensor, R is the scalar curvature. Together, they form
the Einstein tensor. g, is the metric tensor, and T}, is the stress-energy tensor. This equation

states that the curvature of space-time is directly related to the mass and energy in that space.

Consequently, light rays that travel through the curved space-time around the massive object are
therefore “bent”. The effect is analogous to the effect of angled lenses bending light rays due to a

velocity difference across different media, and is called “gravitational lensing”.

There are different forms of this lensing effect: “Strong lensing” happens when bending of light
result in either multiple images. Or, as a light ring or light arcs observed around massive centers
of galaxy clusters and galaxies; “Weak lensing” usually involves weaker spatial distortion effects
over many objects in a region; micro-lensing is when the effect is only an apparent change in the

brightness of the source.

Dark Matter’s existence is evident from gravitational lensing studies. An example of strong lensing
that demonstrates existence of Dark Matter is shown in Figure 3.2 in the bullet cluster collision
of 1E 0657-56 [28]. The image is produced from the combination of gravitational lensing and x-
ray telescope imaging. The red part of the diagram denotes ordinary matter and the blue part
represents Dark Matter. In the cluster collision, ordinary matter bend light around them and
became luminous from the collision, captured by x-ray imaging; The blue part shows a part of the
cluster that did not interact luminously and was only inferred through gravitational lensing. This
is a strong evidence for the existence of non-luminous matter in the clusters. The observation also

constrains the self-interaction of Dark Matter.

Weak lensing results of galaxies distribution over a large area has provided further evidence and

constrained the for density and distribution of Dark Matter in the universe [29].

3.1.3 Cosmic Microwave Background

In the beginning of the universe, ordinary matter and Dark Matter existed in a hot plasma soup

with frequent interaction between charged particles and photons. As the universe continued to
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Figure 3.2: Bullet cluster (1E 0657-56) showing two colliding galaxy clusters, the part in red came
from x-ray image by Chandra, highlighting normal matter distribution; the part in blue came from
gravitational lensing [28].

expand, during a period called “recombination”, the expansion of the universe had cooled the
plasma soup enough that charged particles began to form neutral atoms. Photons do not scatter
on the neutral atoms, and thus propagate to the other end of the universe. Due to red shifting, they
form a microwave background of the universe that can still be observed today. This is the Comic
Microwave Background (CMB). The CMB is very uniform, but there are still small temperature
variations. Figure 3.3 display the CMB along with its temperature variations [30]. The variations
came from primordial acoustic oscillation that came from the interaction of Dark Matter and
ordinary matter with photons in the original plasma. It can be decomposed into an angular power

spectrum.

Due to the different interaction rate between Dark Matter and ordinary matter with photons and
each other, different Dark Matter and ordinary matter make-up of the universe would result in
different angular spectroscopy shapes, the angular spectroscopy data can be fitted to find the
composition of the universe. Figure 3.3 shows a fitted angular spectroscopy. From the result,
it was found that Dark Matter is not only an essential part of the universe, its composition is

approximately 5 times as large as ordinary matter.
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Figure 3.3: The Cosmic Microwave Background power spectrum measured by Planck [31].

3.2 Properties of Dark Matter

While Dark Matter itself has never been directly observed, many studies in the cosmological,
astrophysical and particle scales have constrained many of its properties. In this section throughout

this thesis, the following properties of Dark Matter will be discussed and justified.

3.2.1 Dark

Dark Matter got its name from its little to no interaction with light, compared to ordinary matter.
Collision of the bullet cluster has also greatly constrained its interaction with itself It is taken that
it will not interact with collider detectors. Its interaction with ordinary matter would be rare in

the energy scale of the LHC.

3.2.2 Long Life Time

As Dark Matter is seen today in evidence across different scales (see Section 3.1). It is assumed to
have a long life time since the age of the universe. Many theoretical models of Dark Matter require
a Z symmetry, such as the R parity of supersymmetry. This prevents Dark Matter particles from

decaying into lighter SM objects. In most experimental searches today, it is be treated as something
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that does not decay further into other detectable SM particles [32].

3.2.3 Interacts Gravitationally

Current evidence (see section 3.1) suggests that Dark Matter is massive, and thus interacts grav-
itationally. However, there is no consensus on the mass on the individual constituents of Dark
Matter.

3.2.4 Cold

Current theoretical candidates of Dark Matter can be split into two camps: “cold” Dark Matter
and “hot” Dark Matter. The former group suggests that Dark Matter is made of objects massive
enough, therefore the velocity would be non-relativistic; the latter group suggest the opposite view.
The Dark Matter candidates being searched for in the rest of the thesis will be assumed to be cold,
as this property allows for its search in the LHC under certain signature. The justification for Dark
Matter as a cold particle came analysis of galaxy formation and the process requires Dark Matter

to be above a certain mass.

3.2.5 Low Self Interaction

Dark Matter is believed to have little to no self interaction. Mixed X-ray, optical and gravitational
lensing studies on the merging galacy cluster 1E-657-65 has restricted its self interaction limit to
below = =< 1.25¢cm°g ™" (68% confidence) [33).

3.3 Candidates

There exist a wide range of candidates for what Dark Matter could be. Here, a few possible

candidates for Dark Matter are outlined.

3.3.1 Sterile Neutrino

The SM does not predict that neutrinos have a mass, but this contradicts with experimental
findings and is therefore a problem for the SM. By replacing right-handed neutrinos in the SM with
gauge singlet fermions that have no interaction other than mixing with normal neutrinos. Sterile

neutrino is formed by theoretical models. On tuning parameters such as its its interaction rate
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with normal neutrinos, mass and mixing angle, sterile neutrino can be a possible candidate for
Dark Matter, which can lead to a density of Dark Matter with stability consistent with the scale
of the universe [34]. They are searched for in radiator experiments such as the Daya Bay [35, 36]
and in scintillator experiments like DANSS [37].

3.3.2 Axion

Another existing problem in the SM is the strong CP problem, the problem is described in detail in
Section 2.2.2. One natural solution to the problem is to introduce an additional symmetry called

the Peccei-Quinn symmetry [38], which would lead to an mediator particle called the axion.

The axion proposed is a Dark Matter candidate, as it shares many properties with the known
profile of Dark Matter including an exceptionally long life time. Recent experimental finding from

the XENONIT experiment shows anomalies that could be signs of axions [39].

3.3.3 Weakly Interacting Massive Particle (WIMP)

A very attractive candidate for Dark Matter is called the weakly interacting massive particle(WIMP).
It appears naturally with many Beyond-the-Standard-Model theories that aim to solve other physics
problems, including theories of supersymmetry with R-parity and some extra dimensional theory.
In the study of Dark Matter in cosmology, it is frequently assumed to be a thermal relic. Thermal
relic Dark Matter is in thermal equilibrium with ordinary matter in the early universe. In thermal
equilibrium with ordinary matter, it gets produced and annihilated at the same rate. There comes
a point in the universe called “freezing out”, where the expansion of the universe cools the particle
bath and the temperature becomes lower than the energy required for Dark Matter to be produced
given Dark Matter mass. Dark Matter production from ordinary matter thus ceased. As the uni-
verse further expands, it becomes more difficult for Dark Matter to find each other annihilated and
form ordinary matter. Dark Matter abundance is locked at this point and remain unchanged until
today. Figure 3.4 shows a plot that demonstrates how thermal relics work. Using this model and
the current measured abundance of Dark Matter in our current universe, the self annihilation cross
section of Dark Matter is (o - v) = 3+ 10%%cm’s™".

many prediction made in supersymmetry theories. Many Beyond-the-Standard-Model theories,

This annihilation cross section scale matches
such as SUSY, the Universal Extra Dimension Model, and the little Higgs all predict a particle

with known Dark Matter properties and self-interaction rate of the same scale. This is known as
the WIMP miracle [40].
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Figure 3.4: Solid line here shows the change in the densitiy of Dark Matter in an expanding unverse.
In the early universe, the solid is horizontal, indicating the time when Dark Matter production and
annihilation is equal. The line gradually fall with increase of time when production rate began
to decrease with the universe expansion. Later as the universe further expands, the annihilation
stops as well and Dark Matter gets freezes out to different density level with different assumed self
interaction annihilation rates [41].

3.4 Experimental Search Overview

Traditionally the search for Dark Matter is split into different experimental categories sorted by

the different detection methods from different Dark Matter/ordinary matter interactions.

3.4.1 Direct Detection

Dark Matter is believed to travel across the universe through the earth. Assuming weak interaction
between Dark Matter and SM nucleons, Dark Matter can be detected directly with different target

objects.

R o< Npx{o) (3.4)

Here, R is the interaction rate, N is the number of events p is the density of the target object, x is

the interaction area for each event decay and o, is the interaction cross section.
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Figure 3.5: Schematic cartoon showing the different Dark Matter detection methods facilitated by
different interactions thus signatures.

There are many experiments that use different interaction material and target different Dark Matter
masses. Notable experiments include LZ [42], XenonlT [39], SuperCDMS [43], CRESST [44] and
DAMA [45].

As more experiments had excluded much of the theory model phasespace, many of the experiments
now face the challenge of the “neutrino floor” in low mass Dark Matter searches, where the neutrino

background in cosmic radiation begins to dominate signal regions.

3.4.2 Indirect Detection

Indirect detection looks for SM annihilation products of Dark Matter. It looks for interaction in
places where matter is dense enough to interact, usually in center of galaxies and stars. Experiments
include FermiL AT [46] and H.E.S.S. [47].

3.4.3 Collider Production

In colliders, Dark Matter can be studied by being directly produced from SM particles. As this
will be the method that the rest of the thesis is based on, the theoretical models as well as the
experimental signatures of Dark Matter in the LHC will be discussed in detailed in Section 3.5 and
Section 3.6.
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3.5 Theoretical Models in LHC Searches

While there exist a wide range of speculation on the identity of Dark Matter, LHC as a Dark Matter

searching tool can only probe a unique set of Dark Matter candidates.

Different approaches are used to develop benchmark models when searching for Dark Matter at
the LHC. The choice of model is a trade-off between simpicity, physics reinterpretability and ex-
perimental sensitivity. Sorting by an ascending degree of completeness, this section will review the
different approaches and models of Dark Matter used at the LHC. Figure 3.6 shows the theoretical

models used in the LHC sorting from its level of completeness.

Less complete

Dipole
Interactions

“Sketches of models”

Dark
Photon

More
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Dark Matter
Effective Field Theories

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
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Dark Matter
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Universal
Extra
Dimensions

Little
Higgs

Figure 3.6: Colored Scheme showing Dark Matter modeling approach from more simplistic (left)
to more complete models (right) [48].

3.5.1 Simple Portal Models

The simplest kind of models are simple extensions to the SM. In these models, Dark Matter is
mediated either through the Higgs or the Z Boson. As the Z portal models are constrained by LEP
and DD experiments (LUX, PandaX-II), Dark Matter that are mediated through a heavier version
of Z boson (the ZI) and additional scalar are also searched for and are sometimes regarded as the

simple portal models.
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3.5.2 Effective Field Theory

The effective field theory (EFT) approach condenses a wide range of complete models their sim-
plified versions by focusing on what is experimentally accessible. High mass mediator particles in
complete theories act as a contact operator. High energy correction and details are integrated out
for “effectiveness”. All kinematically accessible observables are described by a Lorentz structure

and a rate parameter.

This approach allow for measured experimental values to be directly converted to theory parame-
ters. A wide range of complete models can be probed with a few clear experimental model search.
However, the model has a singularity and is not valid for when the interaction momentum transfer
is close to that of the mediator mass. In the LHC, Monte Carlo(MC) event generation, which is the
standard computer simulation of collision events that are used to aid studies, a truncation method

is used to bound the simulated Monte Carlo events below this singularity limit [49].

3.5.3 Simplified Model

The singularity problem in EFT can be resolved with a simplified model approach. In simplified
model, the contact interaction in EFT is turned into mediator particle s-channel/t-channel ex-
changes. With the price of an increased number of parameters, simplified models can provide the

full mechanics of a particle interaction with the additional details.

Simplified models of Dark Matter at the LHC do not break the global and gauge symmetries of
SM, the Lagrangian terms are Lorentz invariant and predict at least a Dark Matter candidate that

fullfills the properties requirements in the previous section.

Some simplified Dark Matter model used in the LHC include the Two-Higgs Doublet Model
(2HDM) [50], where Higgs or a non-SM exotic Higgs could serve as a mediator to Dark Matter; as
well as dark photon or kinetically mixed Z’ Dark Matter models.

Other than these, simplified model in supersymmetry such as the Phenomenological Minimal Su-
persymmetric SM (pMSSM) [51], which reduces the over 100 parameters of the complete Minimal

Supersymmetric SM to 19 parameters, predicts a natural Dark Matter candidate, neutralino.

In addition, other gauge or gravity mediated SUSY theory predicts the gravitino as a Dark Matter

candidate.
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3.5.4 Less-simplified models

Simplified models are able to capture common features in many Dark Matter models, but it ne-
glects features from other models. As the LHC work towards expanding its search signatures, the
less-simiplified models are becoming more popular. These include non-minimally flavor violating
models, coannihilation models that include two or more kinds of Dark Matter particles, as well as
multiple Higgs models where the additional exotic Higgs serves as a mediator between SM particles

and Dark Matter. The signatures for these models are captured in Figure 3.7.

a b C
DM
g SM DM g z
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u t SM X DM

Figure 3.7: Figure here shows the signature for the less-simplified models which include the non-
minimally flavor violating monotop signature, a possible signature from the coannihilation model,
as well as an exotic Higgs signature [52].

A detailed list of models used at the LHC by both CMS and ATLAS can be found in [53].

3.5.5 The LHC Dark Matter Benchmark

The Dark Matter benchmark from the LHC uses the EFT approach (described in Section 3.5.2).

It encompasses a wide range of Dark Matter models with its signature.

In the Dark Matter benchmark of the LHC, the SM is extented by an additional U(1) symmetry: it
is assumed that Dark Matter along with some Stanard Model particles are all charged under this.

A new gauge boson can thereby facilitate interaction between the SM and Dark Matter field.

The Dark Matter mediator can either be an axial vector or a vector. The corresponding lagrangians

are:

I _ I _
Loyector = 9q Z Z,uquuq + nguX’YMX (35)
q=u,d,s,c,b,t
I _ 5 I _ 5
Lazialvector = Y9q Z Z;LCJVHV q+ gXZ,uXrY‘LL’Y X (36)
q=u,d,s,c,b,t
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Here, L cctor and Lziaivector T€Present the Lagrangian for the Dark Matter interaction, ZI represents
the field for the Dark Matter mediator; g, is the interaction strength, « are the dirac matrices and

q are the different quark fields'.

Under this calculation the minimal parameters of the model is reduced to gg, gy, My, Myyeq. Similar

argument can be made for lepton decays where the quark decays are replaced by leptons.

3.6 Experimental Signature in the LHC

This section review some common signatures of dark matter that are being searched for at the
LHC.

3.6.1 Mono-X signature

This describes the type of Dark Matter search where an invisible Dark Matter particle is produced
directly at the LHC and is “observed” in the detector as missing transverse momentum. Dark
Matter is known to interact only very weakly with normal matter, and thus is assumed to not leave
a trace in the LHC detector. When events are produced through proton-proton collision along the
z-axis in the LHC, the momentum of all objects along the transverse plane to the z-axis is always
zero. Therefore, when an event has missing transverse momentum recoiling against another visible
object, the signature could possibly be Dark Matter. This class of analysis is named by the SM
object that Dark Matter recoils against. Mono-jet, mono-Higgs, mono-Z are a few analyses done

this way.

3.6.2 Di-object Signature

Dark Matter can also be searched for without the production of the Dark Matter particle. The
simplified models that predicts Dark Matter in the mono-X analyses predicts effective mediator
particle between SM particle with Dark Matter. These effective mediator particles can be directly
searched for through via decay back into SM objects. As the process is distinct from any known
SM particle processes, an excess of events beyond the known Standard Model prediction could be
indicative of Dark Matter in the LHC. These di-object search include dijet, dilepton, diphoton
searches. In recent years, new techniques such as the trigger-level-analysis and channels that have
an additional initial state radiation objects are being pioneered. These result in a search phasespace

much greater than the traditional program and greatly extended the of the richness of the LHC

1u, d, s, c, b, t represents up, down, strange, charm, bottom and top
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serach program.

3.6.3 Supersymmetry Invisible Particles

There are a few natural candidate in SUSY that could match the profile of Dark Matter being
searched for, they show up in detector signatures as missing transverse momentum. Many searches
in SUSY that aims for missing tranverse momentum has more complicated decay chains with
multiple particles compared to the signature presented in Section 3.6.1 So far, no searches on SUSY
has found anything statistically significant, but the increased data size has led to new exploration

in the electrowino phasespace.

3.6.4 Search for Long-Lived Particles

The LHC is also looking for a new set of decay channels as well as missing transverse momentum
dark matter signatures through Long-Lived particles searches. These signatures are predicted by
extensions to SUSY models [54]. Long-Lived particles can decay inside the tracking detector, or
calorimeters and sometimes even outside of the main detectors. The observation of these parti-
cles are somtimes challenging due to the required dedicated triggers and specified reconstruction

algorithms.
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Chapter 4

The Large Hadron Collider And the
ATLAS Detector

Please read carefully these precautions about the assembly.. When you finish
assembling the product, please place it on a flat surface and make sure it is stable
before use. Please also properly fix the anti-topple device, if included, in accordance
with the assembly instructions. The product will keep longer by retightening the
screws from time to time.

—IKEA, Assembly Instructions

All data used in this thesis is taken from the ATLAS experiment [55] of the Large Hadron Col-
lider(LHC) [56] in the European Organization of Particle Physics(CERN).

CERN is the largest research organization on particle physics in the world. (See Figure 4.1 for
a schematic map) The laboratory was built in the 1950s as a joint European effort to advance
particle physics. It includes a total of 23 member states to date. Many major physics discoveries
were made at CERN. Most notably, the discovery of the W, the Z boson [57], and the first man-made
antihydrogen atom [57]. In 2012, a boson of mass 125 GeV/ ¢ was discovered, it is believed that it
matches the profile of the long sought after Higgs Boson particle [58], which gives an explanation to
the origin of mass of matter in the universe. The site with 2660 on-site personnels and 12,400 users
from over 70 countries also produced many technological derivatives outside of scientific discoveries.
In particular, the World Wide Web was first built at CERN [59].

This chapter presents the hardware and software apparatus in the LHC at CERN used to collect and
produce the datasets for the later analyses. The working and the layout of the LHC, the machine
used to accelerate protons and monitor its collisions is presented in Section 4.1; the ATLAS detector,

the apparatus used to collect proton-proton collision data is described in Section 4.2. Lastly, the
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triggering chain: the hardware and software collecting strategy is presented in Section 4.3.
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Figure 4.1: This figure shows where the CERN is located geographically, across the border between
France and Switzerland [56].

4.1 The Large Hadron Collider

The LHC is located on the France-Switzerland border. Its main ring is a 27 kilometers tunnel
that is 175 meters underground. It is mainly used to collide protons. Lead-lead collisions and

proton-lead collisions are also done for a few weeks in each data-taking year.

The collider was a planned successor to the Large Electron-Positron (LEP)(209 GeV collision) and
the Tevatron collider (up to 1.96TeV) in Fermilab. Since the last two experiments, the community
converged on a consensus of an O(10)TeV scale proton collider with the main physics goal to probe
electro-weak scale Higgs boson, beyond-the-Standard-Model physics, and further Standard Model

measurement studies. The LHC was born.

The LHC reuses the same tunnel as the LEP experiment, with some major modifications were
done to the tunnel for the upgrade: to achieve higher center-of-mass energy and to collide proton-
proton instead of electron-positron, the angular velocity of the particle colliding would need to be

raised. The existing magnet from the LEP experiment was therefore replaced to make way for more
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powerful cryogenic-based super-conducting magnets to bend higher speed particles. In addition, as
the LHC uses a proton-proton beam rather than an electron position in the LEP, an extra beam
pipe was required. This is due to the fact that the proton beams collisions could not share the same
beam pipe as the position-electron beams in the LEP. The radio frequency system is also modified

in the upgrade to the LHC to allow for acceleration of the two separate beams in the LHC.

After the upgrade, the main ring of the LHC allows for particle collision to happen in four main
intersection points. These four points are directly inside the four major experiments of ATLAS [55],
CMS [60], LHCD [61] and ALICE [62].

ATLAS and CMS are general-purpose detectors, data collected from these experiments are used
for studies including Standard Model measurement, Higgs property measurement as well as exotic
and new physics searches. The similar but slightly different detector structure between the two
experiment allow for crosschecks and validation of physics results. ALICE is optimized to study
strong physics in the quark-gluon plasma generated from lead-lead collisions. LHCb is a forward
detector that specializes in b(bottom quark)-physics measurement. Studies on the bottom quark
measure the CP violation parameter. It could help better understand matter-antimatter asymmetry

of the universe.

In addition to the four major experiments, the LHC currently hosts four more experiments. LHCf
looks for forward particles that originate from cosmic radiation [63]. FASER is an experiment in
search of long-lived exotic particles with a lifetime beyond the ATLAS detector [64]. MoEDAL,
which sits in the cavern of LHCb, looks for the magnetic monopole or highly ionizing stable massive
particles (SMP) [65]. TOTEM shares the CMS interaction point; it measures the total cross-section,

diffraction process and elastic scattering processes of particles in the proton collisions [66].

The LHC is designed to operate at a maximum center-of-mass energy of 14 TeV. Protons that get

collided at the different interaction points go through many stages before collisions.

In the following sections, some technical terms related to LHC operation will be discussed. Different
parts of the LHC from proton production, proton acceleration to proton collision in the center of
the ATLAS detector is also covered.

4.1.1 Luminosity

The instantaneous luminosity is a measure of the rate of events that can be produced under certain
detector conditions. It is directly related to the event rate of different processes under production.

The quantity is given as the following:
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Figure 4.2: This figure shows the accelerator complex of CERN, featuring the experiments and
injection chain of the LHC [67].
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In the formula above, IV, is the number of proton in each beam, ny, is the number of bunches per
beam, f is the frequency of the beam traveling around the collider, and 3 is the beam cross-sectional

size at the injection, € is the beam emittance, F is the beam crossing angle.

-2

The LHC was built to have a peak luminosity at L=2 - 10**em 5_1, but in most of Run II, it has

. 34 -2 -1
a nominal value of 10" cm “s .

While the instantaneous luminosity is a measure of LHC performance in operation, integrated

luminosity, denoted by £ = ILdt is a measure of the amount of data taken over time.

While an increase in instantaneous luminosity increases the event rate in the experiment, it also
increases the pile-up, which is multiple occurrences of interactions that happened simultaneously
as the target events. Pile-up cleaning will therefore become an increasingly important task as the

LHC instantaneous luminosity increases.
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4.1.2 Proton Production

The protons that collide in the LHC came from hydrogen in gaseous form. The electrons are
stripped out through grating by an ion source. Protons formed are grated to make sure they are

in the same direction before being sent off to the injection chain for acceleration.

4.1.3 The Injection Chain

The acceleration of protons after their production is done through the injection chain. It mainly
consists of a series of pre-acceleration steps through the different linear booster and booster rings.
As the speed and energy of the particle are effectively restricted by both the accelerator ring size as
well as magnet strength in a cyclotron accelerator, a dedicated series of smaller rings in ascending

order in size are used to accelerate the beam to a higher energy level before the LHC ring.

The protons first go through a linear accelerator named LINAC2 to be accelerated to 50 MeV.
After the acceleration, they enter a synchrotron ring called the Proton Synchrotron Booster(SPS).
In the SPS, the protons are accelerated to 1.4 GeV at this stage. Subsequently, they are injected
into the Proton Synchrotron(PS). The PS accelerates the protons further to 26 GeV and is injected
into the Super Proton Synchrotron(SPS), the protons are then further accelerated to 450 GEV and

passed onto the LHC ring in proton bunches.

These booster rings are existing structures from previous collider experiments [55].

4.1.4 The Radio Frequency Cavities

After the injection to the LHC, the protons will be further ramped up in energy. Located in
IP4 of the LHC main ring, the radio frequency(RF) cavity of the LHC performs the acceleration of
particles in the ring. The cavity oscillates its electric field at a fixed 400MHz rate, which accelerates
the incoming well-timed protons. In Run II, protons that arrive in the LHC are accelerated from the
450 GeV injection energy to 6.5 TeV in 10 million loops around the LHC, which takes approximately
20 minutes. Other than accelerating protons, the cavity also modulates the protons’ energy: the

slowed protons are accelerated and fast one decelerated. They are grouped into proton bunches.

4.1.5 The Beam Dump

The beam dump of the LHC is located in IP6 of the ring. It is designed to abort the beam for

when an issue occurred in the LHC to prevent further damage.
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Figure 4.3: This figure shows the different parts of the two LHC rings along with its features [68].

4.1.6 The Magnets

The magnet systems in the LHC provide a way to control the proton beam after its injection from
the SPS. The magnets of the LHC serves a couple of different purposes on the LHC: they bend the
proton beams for them to stay on the circular cyclotron tunnels; they also focus and align the beam
for collision for maximal interaction rate. Due to the high bending power needed, the main ring of
the LHC uses NbTi superconducting magnets. A supporting cryostatics system cools the magnets
down to 1.9K for the superconducting functionalities. The main dipole system is shown to be able
to provide a magnetic field of up to 8.4T under this condition. There are a couple of different kinds
of magnets along the LHC, each providing a different function in maintaining the beam for particle

collision. The field quality can be summarized by the harmonic multipole analysis:

Biotal = By +iB, = By Z(bn + ian)(Z/Rr)n_l (43)

where B, is the dipole field in the y-direction, b,, and a,, is the multipole coefficients, Z is a complex
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paramter that describes the coordinates of the magnet, R, is the reference radius, the index of n,
refers the to the poles of the magnet field, where n=1 refers to the dipole file, n=2 refers to the

quadrupole field and so on.

The Main dipole magnets

The main magnet is a dipole magnet that bend the proton beams to make them stay on track in
the circular tunnels. It can also be used to control the separation of the beam as it focuses and
refocuses. The LHC has two beam pipes for each proton beam going in the opposite direction
from the other. The Magnet has a twin-aperture system that allows it to bend both proton beams

together. Figure 4.4 shows the cross-section of the dipole magnet.
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Figure 1: Dipole magnet cross-section

Figure 4.4: The cross-section of the dipole magnet [56].

The Quadrupole Magnet

The Quadrupole magnets are used in the LHC to focuses and defocuses the proton beams for
collision. They are built in a way that is much like the main dipole, where single quadrupole
magnet is capable of bending two proton beams. Figure 4.5 shows a cross-section of the quadrupole

magnet.

The Sextupole and Dipole Corrector Magnet

In addition, there are corrector magnets that correct for the field error of the main magnets men-

tioned above. More design details can be found in the conceptual design report of the LHC [56].
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Figure 4.5: The cross-section of the quadrupole magnet [56].

4.2 The ATLAS Detector

The ATLAS detector is a general-purpose detector. It is the summation of a series of detector
systems each produces different tracks to a particle. The ATLAS detector has a special emphasis
on the muon system, as the dimuon final state was a main channel for the Higgs discovery. In the

following sections, different parts of the detector will be discussed in detail.

The ATLAS coordinate system

The ATLAS detector uses a cylindrical coordinate system: Z-¢-n to describe the particles location
after interactions. The z-axis runs along the beamline and starts at the origin (center and middle)
of the detector. The x-y plane perpendicular to the z-axis described as the transverse plane is
represented in the polar coordinate 4.7. The plane is described by two angles: ¢ is the 27 azimuthal
angle on the x-y plane and the 17 polar 6 angle with respect to the z axis is given in term of
psuedorapidity, the term is Lorentz invariant and is its conversion to theta is given by Eq. 4.4.
The § R quantity is used to describe the angular distance between particles, it is defined in Eq. 4.5
This quantity is approximately Lorentz invariant. Figure 4.7 shows the ATLAS coordinate system.

Figure 4.8 shows the pseudorapidity(n) to angle conversion.
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Figure 4.6: Computer generated image of the ATLAS detector[69]. Showing the different parts of
the components involved.

n = In(tan(6/2)) (4.4)
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Figure 4.7: This figure displays the coordinate of the ATLAS detector system [70].
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Figure 4.8: Pseudo-rapidity n to angle in degree conversion [71].

4.2.1 Inner Detector

The inner detector(ID) is the innermost part of the ATLAS detector. Its main function is to record
charged particle trajectories. The tracks provide valuable information for the reconstruction of the
primary vertices of particle interactions. All four parts of the ID are enclosed by a superconducting
solenoid magnet of 2T aligned along the beamline, charged particles are curved into helical tra-
jectories along the beamline. This is used for charge, mass and momentum calculation as well as

particle identification.

The inner detector is made up of four different parts. From inside out, the Insertable B Layer, the
Pixel detector, the Semi-Conductor Tracker(SCT) and the Transition Radiation Tracker(TRT). Its
resolution is the highest in the innermost part of the detector and decreases outward. The following

is a detailed description of the four parts of their coverage and detector mechanism.

Closest to the core of the detector is a very high-resolution insertable B layer(IBL). It was inserted
after Run I to further extend the pixel detector coverage to |n| < 2.9. This helps with b-hadron

identification through better vertex reconstruction.

Around the IBL is the Pixel detector. It is made of three layers of fine silicon pixels of spatial
resolution of 10 m in the r-¢ direction and 115 m in the z-direction. It provides a cylindrical
coverage that covers up to |n| < 2.5. Electron-hole pairs are generated when charged particles
passes through the silicon pixel. The signal is then read out through the applied electric field.
Surrounding the pixel detector, there is a silicon microstrip detector called the Semi-Conductor
Tracker (SCT). It is located in radii between 30-51 cm, which is made up of 4 layers of strip silicon
sensor. Each SCT layer is made up of two overlapping sets of silicon strips at an angle with one

another. The working mechanism of the detector is similar to that of the pixel detector, but the
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resolution is slightly reduced to 17 pum in the r-¢ plane and 580 p m along the z-axis. The outermost
part of the ID is called the Transition Radiation Tracker(TRT), made up of gas-filled straws. There
are 70 layers in the barrel and 140 layers in each end cap covering up to |n| < 2.0. Each straw tube
contains gas that can be ionized by charged particles, the electron formed in the process will then
move toward the charged center of the straw to be read out for momentum, trajectory and charge
calculation. The TRT also helps with particle identification, as charged particles alsoemit a photon
and this probability is related to the Lorentz factor. Lower mass electrons emit more photons than
charged hadrons. Therefore, this can be used to identify electrons over hadrons on top of track

reconstruction. The TRT has a resolution of 130 m in the r-¢ plane.

Figure 4.9: This image shows the computer generated image of the inner detector [72].

4.2.2 Calorimeter

The main function of the calorimeter is to provide energy measurement of particles. The ATLAS
Calorimeter is split into two parts, sorted by the particle interaction method, The Electromagnetic-
Calorimeter(ECal) utilizes the electromagnetic interaction and measures energy deposit in the form
of electron and photon showers. The Hadronic Calorimeter uses strong hadronic interactions, energy
is measured in the form of a hadronic shower in quarks and gluons. Both systems utilize a dense
passive material for the particle showering and are sampled through a layer of sensitive active
element for detection. Below, different components of the ECAL and the HCAL will be described

in detail.

After tracking, the particle will first reach the ECAL. The first layer is the liquid-argon(LAr)
electromagnetic(EM) calorimeter. The passive medium for showering is lead. The endcap portion
covers 1.375 < |n| < 3.2, and the barrel cover up to || < 1.475. The innermost layer has the
greatest granularity of 0.003, the second layer has a resolution of 0.025 and the third layer is the

most coarse.

The hadronic calorimeter(HCAL) measures hadron showering in the form of quarks and gluons.
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Figure 4.10: This image shows the computer generated image of the inner detector and its inner
layout [72].

The barrel portion of it is made of a tile calorimeter. It uses steel as the passive element for

showering and scintillating tiles as the readout active element.

The forward calorimeter end cap uses LAr for both the ECAL and HCAL, but copper-tungsten is
used as the passive layer instead.

4.2.3 Muon Spectrometers

The muon spectrometer(MS) measures both the trajectory of muons and perform their triggering.
The only type of particles that make it past the calorimeters and reach the muon spectrometer
are either non-interacting particles, or they are the minimum ionizing particles, muons. Tracking
and measurement of muons distinguish the particle from non-interacting particles, which include
neutrinos or Beyond-the-Standard-Model physics candidates. The muon spectrometer system of
ATLAS is surrounded by the superconducting toroid magnets, the barrel toroid provide up to 0.5
T between 1.6 < |n| < 2.7 , the end cap toroids provide up to 1T. The magnet bends the particles
along the beamline into the end caps. For precision tracking, the muon system is made up of the
Monitored Drift Tubes(MDTs) in both the barrel and the endcap region, in the forward region
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Figure 4.11: This image shows the computer generated image of the calorimeter and its inner
layout [73].

there is a Cathode Strip Chamber(CSCs) in region |n| > 2.7 For triggering, it uses the Resistive
Plate Chamber(RPC) in the barrel and the Thin Gap Chambers (TGCs) in the end cap for fast

readout.

4.3 Data Acquisition of ATLAS

During Run II, the LHC performed proton-proton collision at /s = 13 TeV at the instantaneous
luminosity of 10**em™2s™. An approximate of 33.7 pp interaction per bunch crossing was deliv-
ered. At this collision rate, not all data could be processed and saved. The process of selecting
experimentally interesting events is called “triggering”. In Run II, triggering is administered and
controlled by a central trigger processor which assigns different information from detectors to dif-
ferent part of the trigger computing system. There are two levels of triggering in ATLAS Run II,
the low level hardware-based trigger is called L1 triggers, the second level software based high level
triggering is called the High-level trigger(HLT). The L1 trigger filters through the input at 40 MHz
to 100kHz. This is done by looking at energy deposits at the calorimeters that could be candidate
leptons, jets, or photons. Muons are triggered by the hits that formed towers in the MS system.
Events that pass through the L1 trigger will then be passed onto the HLT. The HLT further filters
the 100kHz events received to 1kHz for writing to disk for offline analysis. The HLT is software-
based. It further defines region-of-interest in detector and filter events that do not fit the trigger
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Figure 4.12: This image shows a computer generated image of the muon spectrometer [74].
selection criteria. High-level objects are created from the online information and an event loop is
used to discard events that do not fulfill the trigger criteria. Events are saved to “trigger chains”

for later analyses, they are sorted into different analysis derivations with basic criteria applied for

different types of analyses.
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Chapter 5

Common Analysis Items

First, you crack an egg into a small bowl.

—Unnamed Cookbook

After the collisions and interactions in the LHC, final state particles leave their mark on various
detector components as electronic signals. These electronic signals are saved in hard disks and
tapes. It takes various steps of reconstruction identification, cleaning and calibration before the raw
electronic information becomes analysis-ready physics objects. The different interactions particles
have on various detector components create different distinct signatures for their identifications.

Figure 5.1 shows the different signatures that different particles leave on the ATLAS detector.

In this chapter, various analysis final state objects are described. In Section 5.1, detector tracks
and vertex construction is covered. In Section 5.2, Section 5.3 and Section 5.4, the formation of
muons, jets and photons from detector signal through their reconstruction, identification, isolation

as well as calibration are discussed in detail.

5.1 Tracks and vertices

Charged particles leave trajectories in two distinct ATLAS sub-detector systems, namely the inner
detector(ID) and some also reach the the muon system(MS). Details regarding the subdetector

system can be found in Chapter 4.
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Figure 5.1: Particles displays distinct signatures [75].

5.1.1 ID Tracks

Hits is registered in an active detector element when a particle deposited enough energy to reach
a predefined signal-to-noise(S/N) ratio. To reconstruct a track from detector raw hit information,
coincidence measurements in multiple layers are first used to find a track seed. Then, a Kalman-
filter is used to fit the tracks [76], irrelevant hits from pileup ! are removed through the filter.

Figure 5.2 shows a schematic diagram for a track.

5.1.2 Vertices

Once tracks are formed in the inner detector, primary vertices can be constructed from the track
directions and their intersection points. Vertexing picks out tracks and hits that are associated
with a single interaction. It is helpful in discriminating event-of-interest tracks from pileup tracks.
Effective vertexing is of great importance to event reconstruction, especially in more recent LHC

runs, where the higher luminosity has resulted in additional in-time and out-of-time pileups.

1Pileups are hits and tracks that result from multiple collisions other than the primary collision. In-time pileups
are hit and tracks that came from interactions during the same collision event, out-of-time pileups are hits and tracks
comes from collisions of different event.
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Figure 5.2: Schematic view of how the parameters associated with track creation in ATLAS.
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Figure 5.3: Schematic view showing vertexing in ATLAS[77].

Vertexing consists of a couple of different steps: First, a vertex seed is found by filtering the points
where most interactions are found. Then, tracks consistent with the chosen vertex seed are put
into a group. After that, the vertex position and the associated error of the vertex is found by
an adaptive vertex fitting algorithm [76]. Lastly, the unused tracks are used for the next vertex

creation. The process then repeats until no tracks remain.

The vertex with the highest Pr particles originated from it is considered the hard-primary vertex
of the event, the others are considered the pileup primary vertices. Somtimes particles produced
from the primary vertex decays further, the interaction points where the further decay occur are

known as the secondary vertices.

Particle formation from detector hit information in the following sections relies on the tracks and

primary vertex reconstruction above.
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5.2 Muons

Muons in ATLAS are formed from both the tracks and primary vertex information described in
the above section. Muon reconstruction mainly relies on ID and MS information, while information
from the calorimeter is sometimes also used for low Py muons. There are four different muon
reconstruction strategies, as different transverse momentum(Pr) ranges and detector hit locations
leave distrinct muon signatures. From these four reconstruction strategies, four muon working

points, which are muons set in events chosen with pre-defined criteria, are derived [78].

Figure 5.4: Visualization of a four muons event in the ATLAS detector[79]. The four muons are
visualized as blue tracks that travel from the primary interaction point through the inner dectector,
the calorimeter and the muon system to beyond the detector.

5.2.1 Muon Reconstruction

Reconstruction of muons is performed in the following way: tracks are found in one part of the
detector through pattern finding of hits in the ID/MS chambers. At least two matching segments
from different subdetector parts are needed to form a track candidate. From the track candidate
formed, global X2 fits are performed, outliers from the fit is dropped and hits along the fitted
track is added. Though they all share a common principle, various detailed reconstruction strate-
gies are used for muons in different Pr ranges and detector locations to maximize reconstruction

efficiencies [80].

e Combined muon(CB) This strategy is optimal for the muons that are detected in both
the ID and the MS. It applies for muons found in both the barrel and end-cap region of the
detector. Tracks are constructed from each of the ID and the MS. A global refit is done to
remove outliers to improve the fit quality. This is first done by an outside-in approach where
the tracks in MS are matched with tracks in the ID. Combined muons are also complemented
by the inside-out muons: It looks for MS hits that can be associated with ID tracks and

recovers muons that don’t make it to the MS completely.
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e Segment-tagged muons(ST) This method is used to identify lower Pr muons that do not
travel to the MS. If a track in the ID can be matched to at least one track segment in the

MDT in the barrel or CSC in the end-cap, it will be selected as a segment-tagged muon.

e Calorimeter-tagged muon(CT) This reconstruction method is used for even lower Pr
muons that do not have enough energy reach the MS. Muons between 15 GeV < Pp <
100GeV are formed from matching a track in ID with energy deposits in the calorimeter that

match the minimum-ionizing particle. This is optimized for barrel muons of |n| < 0.1.

e Extrapolated muon(ME) This reconstruction strategy is designed for muons that are
very forward and are buried under noise from pileup. Muon tracks in the MS with a loose
compatibility to the originating IP are accepted as ME muons. This strategy extends the
acceptance of muons in the forward region from 2.5 < |n| < 2.7. As there is no ID coverage

in this region, other methods are not applicable.

5.2.2 Muon Identification

In ATLAS, the muon of interest are the muons that comes from the hard primary vertex decay.
Muons formed this way are known as ”prompt muons”. ”Non-Prompt” muons came from the
semileptonic decay from jet fragmentations. Muon identification is a set of selection criteria applied
to the candidate muons to cut out “non-prompted” muons from light hadron decays that would
result in in-flight detector production of muons. In different analyses, depending on the signal type,

several muon identification working points are used.

A couple of criteria are used for muon identification: q/psignificances p' and X?lorm' They are defined
as [80]:

Discrimination Criteria

e q/p significance
1D MS
Q/psigniﬁcance = |(Q/p) - (q/p) |/ U%S + U]IDZT) (5.1)

This is the absolute value of the difference between the charges and the Pr measurement
divided by the sum of error in the Pr measurement of both the ID and MS. ¢ is the charge,
and p is the momentum of the particle. It is expected that the value is smaller for prompt
muons as the particle will have similar ¢/p ratio in both the ID and the MS if muon was

created in the primary vertices rather than jet fragmentation later on.
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This is the absolute value of the difference between the Pr of the MS and the ID divided by
the combined Pr of the muon candidate. A smaller value indicate a better match between

the ID muon and the MS muon candidate.

2
® Xnorm

This is the X2 of the fit from the combined muon track from both the ID and MS. A smaller
value shows that the ID and MS muon track candidates have the same direction and is

therefore more likely to originate from a “prompt muon”.

These selection criteria for the muon groups above result in five different working points.

Muon Working Points

e MEDIUM
This is the most commonly used working point. q/p significance < 7. It accepts only the CB

and IO muons.

e LOOSE
The loose working point accepts all the muons that pass the medium working point. It also
accepts low-Pr muons, including I0 muons with Pr lower than 7GeV. Some ST and CT

muons are also accepted under certain circumstances [80]

e TIGHT
This working point accepts a subset of the medium working point muons. In addition, they
are required to have a normalized X2 of less than 8. The requirement on q/p compatibility

and p' varied and depends on 7 and Pp of the muon. Details can be found in [80].

e HIGH Pr
This working point only accept muons that also pass the medium working point requirement.
Owing to their high Pr, the reconstruction can be done with the MS alone for a higher

resolution.

e LOW Pr
The Low-pr working point includes all of the muons in the medium working point, it’s identical
to the medium working point muon set above Pr =18GeV. But this working point also
includes muons with lower Pr that does not make it to the middle of the MS, this working

point includes muons down to 3 GeV.

51



cc>f = § F g :gi*"*i R e P
o— - — — e
woL 4o o9k .
o=e= eData oMC L eData oMC i
| - -
) B 5 ) i
0.5/= -e- Tight muons _| B -e— Tight muons ]
_'ATLAS -#= Medium muons _| 0.8—ATLAS S ~# Medium muons—|
| Vs=13TeV, 139" Loose muons [ Vs=13TeV, 139 fb" = Loose muons |
<25 - P> 10 GeV i
o (@]
% 11 % 1.02
|
*(-ﬁ' 1'—' ! = : £ £ 4 # "'A' # ‘!-U‘ 1 - R | e B = i a ' AP
a 5 I SE L =g = o e
0.9 [ 0.98
4 6 8 10 12 14 16 18 20 25 2 15 -1 05 0 05 1 15 2 25
p, [GeV] n

Figure 5.5: This figure shows the reconstruction and identification efficiencies in different variable
range in different working points|78].

5.2.3 Muon Isolation

Following identification, muon isolation is performed. Other “non-prompt” muons that resulted
from heavy hadron decay before reaching the inner detector. They would not have been cut out from
the identification step. Since in comparison, “prompt muons” usually result in back-to-back isolated
higher- Pr muons, the relatively high associated neighboring hits from “non-prompt” heavy flavor
muons can be used as criteria for discrimination. The step performed is known as muon isolation.
Depending on the muon energy, two different variables are used for muon isolation. One is the

track-based isolation and other is calorimeter-based isolation.

Isolation Variables

The parameters used in the isolation criteria are defined as the following;:

varcone size
[ ] P T

puarcone size
T

The track-based isolation variable, are the sum of the Pr of all the tracks in a

variable-sized cone. The variable-sized cone(varcone) is defined as below.

10

OR = min(————=,0R
Pr[GeV]

varcone size )

The term is Pp dependent, the larger the Pp, the smaller the cone.

Etopocone size

T
topocone size

A calorimeter based parameter F, is defined as the sum of the energy deposit in a
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O R size topo cone.

Different working points are developed for balancing “non-prompt” rejection, “prompt” acceptance

and the isolation performance when in close proximity to other objects. The working points are

defined with respect to different variables. Details can be found in [81].

Table 5.1: Definitions of the muon isolation Working points [81].

Isolation WP Definition Track prrequirement
PflowLoose* (p\}amome?’0 +0.4- E%eﬂowm) <0.16 - pl%
. * varcone30 neflow20 " pr > 500 MeV
PflowTight (pr +04- By ) <0.045 - ppr
Loose* }arconeSO <0.15- pg’ EfropoconeQO <0.3- pl} .
Tight* p}arconeSO <0.04- p;7 E"uropoconeQO <0.15- pf} pr
HighPtTrackOnly p%me% < 1.25 GeV
TiahtT * varcone30 o pr>1 GeV
ight TrackOnly pr < 0.06 - pp-
varcone30 [0
‘ pr < max(1.8 GeV,0.15 - p)
>
PLBDTLoose (PLBDTTight) BDT cut to mimic TightTrackOnly (Tight) efficiency pr > 1 Gev

5.2.4 Muon Calibration

The Monte Carlo simulation is often imperfect in its parton showering and detector simulation. The
imperfection results in difference in data and MC given the same underlying process. This makes
understanding the tree level process from the data represent difficult. Given this, a calibration
factor is derived from comparing the MC to data using some known physics process J/W¥ to upu
and Z to pp. The calibration is done on the Pr of the muon. The calibration is dependent on the
detector angle, and the formula for Pr correction is summarized as below, where the constants are

derived from the data and the simulated samples.

MC, Det 1 Det MC, Det\n
Cor,Det _ PT + Zn:O Sn m, ¢(PT )

PT
1+ Y2 orDet(n, ¢)(PAMC, Det)m=g,

(5.4)

MC, Det
Here P ¢

(57”7]3161:(77, ¢) and S,IL) et(n, ¢) are the momentum resolution smearing and scale correction resolution.
Det in the equation is short for ”Detector, which could be ID or MS. The S’P “* term corrects for

inaccuraty in the description of the magnetic field, whereas the SOD ° corrects for the inaccuracy in

is the uncorrected transverse momentum, g, is a unit Gausssian distribution,

the simulation of energy loss in the calorimeter.

The correction is then applied to the combined muon in the following way:

f)j(jor7 CB Cor, ID

Cor, MS
=f-P; T,

+(1-f)- Py
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Figure 5.6: This figure shows the isolation efficiency in different variable range in different working
point[78].

The weight f in the above is obtained from MC simulation. P:S °n OB and P:g °rID are the corrected

transverse momentum in CB and MS respectively.

5.3 Jets

Colored charge particles interact under the strong force. This includes quarks and gluons. Under
the strong force, the energy potential of these color charges increases with their distance apart
from each other. The increased potential leads to extra quark and gluon formation as energy and
mass is one and the same. This effect is known as parton showering. The color confinement of the
strong force result in further hadronization of the showered products. Showering lead to a cascade

of energy deposits in the detector. The jet algorithms aims to reverse the process, it reconstructs
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the physics properties of the the original primary quark/gluon from the resulting energy deposits.
Figure 5.7 is a visualization of an ATLAS event with two high pr jets.

The following is a schematic understanding of how jet finding is achieved.

e Jet showering

Quark/gluon formed — Parton Showering — Hadronization — Detector Energy Deposit
e Jet Reconstruction

Energy Deposit on Detector — Topo-cell Clustering — Topo-Clusters — Jet-Finding Algorithm —
Jet

SATLAS

EXPERIMENT

Figure 5.7: An simulation ATLAS event containing two high pr jet event [82].

Topo-cell clustering

This step clusters the lowest level calorimeter cells energy deposits into “topological clusters”,
which are cluster of cell deposit with high signal-to-noise (S/N) ratio collected from proximity in

the detector. ATLAS uses a 3-D clustering algorithm and it is described as the foolowing:

First, a seed cell with a high S/N ratio above a 4 is found. Then, cells neighboring the seed cells in
the in 3 dimensions above S/N 2 are collected along with the seed cell to the topocluster. Lastly, a

final set of cells that surround the second set of collected cells above S/N 0 are added to the cluster.
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Jet Finding algorithm

Jet finding algorithm aims to identify all the deposits that can be traced back to the original
hadronic particle. An important feature for a jet finding algorithm is that it needs to be infra-red
and collinear(IRC) safe. In an IRC safe algorithm, soft and small angle radiation that showers
from the jet will not change the kinematics of the jet. This requirement avoids the divergence in

probability calculations that would lead to infinities when jet splitting happens.

All of the main ATLAS jet finding algorithms make use of the following quantities:

2
R2

d 2p kt2p )

ij

dip = k7 (5.7)

Here, B is the beam, R is the angular distance, A?j = (y; — yj)2 + (¢ — 0;), kuis yi, and ¢; are the
transverse momentum, rapidity and azimuth angle of particle i. p is a parameter on the energy
scale [83]. d;; and d;p are the distance between particle i and j and distance between i and B

respectively.

The algorithm clusters the topoclusters with the smallest distance together 5.6, until no topoclusters
are left. p is taken to be -1 for the anti-KT jet finding algorithm; 1 for the KT algorithm and 0
for C/A(in addition, in C/A, d;p = 1). The Anti-KT algorithm chooses to merge high transverse
momentum objects with one another, and the KT algorithm merges low transverse momentum

with one another. The C/A algorithm only weights on distance.

The current ATLAS standard jet finding algorithm is the Anti-KT algorithm. It is an IRC safe

algorithm. The algorithm is also not susceptible to underlying events and pile-up as the other two.

5.3.1 Jet calibration

After jets are formed, they need to be calibrated to reflect the direction, momentum and energy of
the originated quarks or gluons. The jets are required to be calibrated. In ATLAS, jets energy is
measured out in both the EM calorimeter and the hadronic calorimeter. The jet finding algorithm
operates in the EM scale(as distance in the strong force is energy scale dependent). Jet energy
correction needs to be performed before the object can be used for analysis to remove pile up and

correct for direction. The jet calibration takes the following steps as shown in Figure 5.8.
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. o . Jet area-based pile- Residual pile-up
EM-scale jets Origin correction up ti —-

Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npy,

Absolute MC-based
calibration

Residual in situ
calibration

Global sequential
calibration

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects is derived using in situ
scale. Both the energy and using calorimeter, track, and measurements and is

direction are calibrated. muon-segment variables. applied only to data.

Figure 5.8: The steps of calibration performed on the jet objects.[75]. The Jet area is the area
of the jet in angular distance for pile-up correction, u is the interaction rate per bunchcross and
NpV is the number of primary vertices. The paritcle level scale is the measurement obtained with
both the tracker and the calorimeter, energy leakage is the out of cone deposit in the detector that
belongs to the original quark/gluon.

5.4 Photon

Photons in ATLAS are reconstructed from clusters in the EM Calorimeter sometimes paired with
tracks in the tracker. Photons and electrons shares a similar reconstruction algorithm. Like muons
and jets, photons are first reconstructed, identified, isolated and lastly calibrated before being used

for analysis.

h e ———— A

A . N
| U N N N AN .
SSos

EXPERIMENT

Run Number: 302956, Event Number: 2656107838

Date: 2016-06-29 14:32:52 CEST

Figure 5.9: An ATLAS event display that contain two photons [84].
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5.4.1 Photon Reconstructionn

Photons interact with the EM calorimeter. They shower and leave deposits in the active material.
The first step to photon reconstruction is the finding of a seed cell for clustering. A sliding window
of dnx d¢p = 0.025 % 0.0245 is used to scan for a clustering seed with energy deposit above 2.5 GeV.
Neighboring hits are added to the seed to form a cluster through the clustering algorithm [85]. These
cluster are matched by tracks in the inner detector. These tracks are used for vertex construction.
If no vertex or tracks are matched, they are unconverted photons, otherwise, they are considered

converted photons. Converted photons are photons that originates from electrons.

5.4.2 Photon Identification

Like muons, not all photons candidates are photons generated from the primary vertex. “Prompt”
photons, that came the primary process are of interest in the analysis (dijetISR) worked on. A
main source of “non-prompt” photons on ATLAS came from jets decay. Photon identification are

mainly placed on shower shapes in the calorimeters [86].

There are two photon working points, the loose working point uses information from the the
calorimeter. The tight working point uses information from the calorimeter strips and has dif-
ferent requirements for uncoverted and converted photon for optimal classfication power. Details

can be found in [86].

5.4.3 Photon Isolation

Photon isolation is a strategy that is effective in identifying the prompt photons from the “non-
prompt” photons that are produced along other objects. The isolation is a cut on the energy or
transverse momentum in d R cone size around the photon candidate. The isolation variable for the

calorimeter and tracker are calculated separately [86].

5.4.4 Photon Calibration

Photons in ATLAS takes the following steps to be calibrated to correct the estimation of energy
deposited in the calorimeter, to correct for the relative energy scale in the different layers of the
EM calorimeter, correct for the non-uniformities in the calorimeter response affecting the data and
to provide an overall adjustment [86]. First, the photon energy is estimated from the deposits in
the calorimeter by a multivariate regression algorithm trained on simulated events on data. Later,

correction is then done on the energy scale in the different layers of the EM calorimeter from Higgs
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to pp data, the correction on the calorimeter layers are then applied to the photons calibrated.
After that, geometric correction is done on the data to correct for the non-uniformity in the detector
in the boundaries of the calorimeter modules. Lastly, an overall adjustment on the energy scale is
done in the data [86].
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Chapter 6

The Standard Analysis Method for

Resonance Finding

But the truth can be re-found; most often it has already been written elsewhere.

—Jacques Lacan, Ecrits

6.1 Introduction

Both analyses presented in this thesis fall into the resonance search category, which are analyses
that look for bumps like excesses on top of smooth backgrounds. The method is simple in its
experimental signature, as can be seen in Figure 6.1 and theoretical calculation. Many particles
have been discovered in this way before, which include the J /WU [87] [88], the T [89], Z [91], and the
Higgs boson. The method has great potential in making future discoveries. This chapter describes

the analysis methods used in performing the analyses covered in Chapter 7 and Chapter 8.

These analyses perform searches in the resonance mass variable(the target signal spectrum). The

variable came from the addition of the 4-vector of the two candidate final state particles.
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Figure 6.1: This cartoon illustrates a typical resonance finding experimental signature in the reso-
nance mass variable.

The chapter below provides a recipe for a resonance finding analysis: Monte Carlo generation(MC)
is used to aid statistical procedure formulation. Its generations are detailed in Section 6.2. Proper
data preparation required for both the data and the MC before statistical analysis is discussed in
Section 6.3. The background estimation method and their verification tests are given in Section 6.4.
The search for resonances as excesses is quantified statistically. Two separate statistical statements,
one on excess finding, and the other one on signal strength upper limit setting are discussed in
Section 6.5.

6.2 Simulated Physics Events(Monte Carlo)

Simulated physics events(Monte Carlo) are used to design the cuts which optimize the selection,
verifying the validity of the data-driven background estimation strategies as well as deriving the
different systematic uncertainties(E.G. energy resolution uncertainty) present in the experiment.
An event generator used by ATLAS is PYTHIA [92], which is used to simulate the proton-proton
collision, the tree-level generation, the hadronization, the fragmentation as well as the showering.
Other than PYTHIA, the PowHeg generator [93] and NLOJet++ [94] are also used. The detector
effect is simulated by GEANT4 [95].
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6.3 Data Preparation

The data of the analyses discussed in this chapter originate from collision data. It is collected from
the ATLAS detector and its triggering hardware and software discussed in Chapter 4. The data
collected as energy deposits and tracks are analyzed and collected analysis objects as discussed
in Chapter 5. After that, the dataset goes through several more steps in data preparation before
getting analyzed for resonance finding in the chapter: the following is a short outline of how data

are being prepared for the analyses.

First trigger chains addition is studied, balancing both events collected and signal sensitivity of
the dataset studied. After that, the data is processed with the optimal analysis object working
points applied, then, event cuts are introduced to maximize the signal sensitivity while reducing
the background events. As the resolution of the data collected from detector is constrained by
detector resolution, a binned approach is taken. The binning is selected based on studies on the
detector resolution and signal sensitivity consideration. (Details are described in Section 6.3.1).
Finally, a cross-check that compares the data and MC is performed variable regions other than the
target signal spectrum. An agreement between MC and data ensures both the previous steps in
data preparation are executed correctly and the MC modelling is close enough to data descriptions.
After all the data preparation steps are completed, a target signal spectrum is available to be

analyzed statistically for resonances.

6.3.1 Binning Strategy

The binning is optimized through the mass resolution of the target spectrum. Since mass resolution
describe the maximal sensitivity seen in the target spectrum, binnning is often chosen to be the
resolution. This avoid the lost of information, and allow for targetted signal to be searched for the
the bump like shape with sufficient sensitivity. The mass resolution is found through MC studies.
As its main contributor is the detector response, it can be studied through by performing a Gaussian
fit on the m"°° —m/ ™" on MC sample, where reco is reconstructed event from GEANT4, and truth
is the truth events showering and detector reconstruction from the same event. A Gaussian fit is
performed to find the mean (x) and the width(o). The width found for the particular reconstructed

mass is the resolution at that mass.

6.4 Background Modeling

After the dataset has been prepared, the spectrum is ready to be analyzed to search for resonances.

In order to analyze statistically whether there is an excess of events beyond the Standard Model
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prediction, a reliable prediction of the Standard Model events in the signal region along with its
statistical error is needed. The step to estimate background Standard Model events is known as
background modeling. Many considerations go into background modeling for analysis: accuracy,
availability, size of the estimation error and ease of implementation. In ATLAS, the following
methods are recommended for background modeling in order of descending preference: First, the
background estimation can be found by the MC generation of the events when the simulation is
reliable and inexpensive for data generation. Second, in cases where the MC generated is low in
event count but reliable in shape, an alternative estimation could be executed by scaling up the
template(sample generated from MC not in full statistics) from MC. In the case of the two analyses
presented in this thesis, neither are there enough MC events nor are the shape of the MC event
physically reliable. Thus, another class of methods of background estimation needs to be explored,
all relying on the “smoothness” feature of the background events. These include the fit function
method, the expanded sliding window fit method(SWiFT) and the Gaussian Process method [96].
In the following section, the fit function method, the SWiFT method and the Gaussian Process

method are discussed.

6.4.1 Fit Functions/Global Fit

A class of fit functions are used to describe the distribution of the reconstructed mass due to
smooth background. The most commonly used forms are cited as the following [97]. The selected

fit functions are all resistant to capturing localized excess.

e Polynomial
flm) =a0+a1m+a2m2+... (6.1)

Here, m is the resonance mass, and a; are the different parameters.

e Power Laws
f(m) = aomb (6.2)

e Exponentials
f(m) = aoe_bom + ale_blm + ... (6.3)

From the above foundation, a list of historic fit functions has been developed over the years [98].

_ bPo  —(pam+p m?)
flm) = e 200 (6.4)

See [99] for details.
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Do m
f(m) = o (1- ﬁ)m (6.5)
See [100] for details.
Po m
f(m) = - (1- ﬁ"‘)ﬁz (6.6)
See [101] for details.
J(m) = po(1 = a7 (6.7)
See [102] for details.
f(m) _ (1 _ x)poxp1+p21n(:c) (68)

See [103] for details.

In these fit functions, m is the resonance mass, p are the parameters, and x is defined to be %

Cross-validation

K-fold cross validation is often used to ensure the fit function is chosen correctly. In the procedure,
the original dataset is divided into k different equal event size subsets through a random draw from
the original dataset. Each of these subsets is tested by the candidate fit function and validated
on the validation set. The best fit is chosen by averaging the p-value of the fit test statististic,
X2/ NDF'. The best fit is defined to have a p-value of the closest to 0.5.

While the fit function is relatively easy to implement, it is highly restrictive for complicated back-
ground shapes since it is low in flexibility [97]. Making the background modelling on data inaccurate.
When the increased luminosity of the LHC dataset leads to difficulties in fitting the background

accurately, SWiFT and Gaussian Process are developed for the challenge.

6.4.2 Sliding window fit(SWiFT)

When the simple fit function failed to model the data, SWiFT can increase the fit flexibility and
the degree of freedom by fitting multiple narrower windows rather than the entire spectrum. The

SWiFT window fitting procedure is summarized as below:
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1. A global fit is performed in the overall spectrum. Only when the overall X2 p-value is below
0.01, SWiIiFT is attempted. Otherwise, the procedure ends in this step and a global fit method will

be used.

2. The SWiFT fit will start with the maximum sized window, which is the number of bins of
the entire spectrum minus one. The window scan starts from the lowest mass region along the
spectrum. A fit is performed in the window. This estimates the spectrum up to the middle point

of the window.

3. The window moves up by one bin along the resonance mass spectrum. Another fit is performed.

The prediction up to the middle of the window is piece-wise appended to the prediction in step 2.

4. Step 3 is repeated, until the end of the spectrum is reached. The final fit is checked against
the threshold p-value of the x>. If the fit x> is below the designated threshold, the background
estimation ends. Otherwise, the window size is further reduced by one bin, and step 2 and 3 are
repeated until either a fit with a Bumphunter p-value 0.01 is found or the minimum window size is

reached. The minimum window size is defined by the signal injection test discussed below.

While the SWiFT can provide extra flexibility to the fit for better accuracy, it is also prone to
becoming too flexible. Signal present in the data could be estimated as part of the background
model. This would lead to diminished signal sensitivity. To provide the most accurate background
prediction while balancing signal sensitivity, SWiFT always aims to use the largest window possible

that can still accurately describe the background.

To aid the use of the largest window possible, the SWiFT window size is not selected until the data
is unblinded. A carefully designed unblinding procedure is required to select the optimal window
size for the estimation. Figure 6.2 shows a sample unblinding procedure, as used in the dijetISR

resolved analysis presented in Chapter 7.
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Figure 6.2: This figure shows a doodle on the procedure on the unblinding using SWiFT
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6.4.3 Gaussian Process

A Gaussian Process is a “collection of random variables, any finite number of which have a
joint Gaussian distribution” [104]. Gaussian process background prediction is performed through
Bayesian inference, where the data point provided improves the prediction in a probability distri-
bution. The mean function of the final probability distribution is taken to be the estimate. Unlike
the above fit function-based method, Gaussian Process predicts an infinite number of functional

forms, constrained by a kernel(See Section 6.4.3), which defines the bin-to-bin covariance.

Gaussian process can naturally be applied to the background estimation of a spectrum since the
bin event count the resonance mass distribution are approximatedly a Gaussian distribution in each
bin: the prediction in every bin is a Poisson distribution due to its counting experiment nature.
Poissonian distributions can be approximately described as a Gaussian Distribution through the
Central Limit Theorem [105]. The Gaussian process allows for more flexibility in the functions

compared to the above two methods, as can be shown here in this covariance matrix diagram:

ad-hoc =T PAPN]
ad-hoc

foxa | ey

f(xg)

f(xs)

Xa X8 f(xa)

Figure 6.3: These figure shows that the Gaussian process fit is able to provide more flexibility than
the standard fit function method. The Red line in the first panel shows results from the fit function
method and the green line shows the extra flexibility gained by Gaussian Process. The second pane
shows that the possible value of the fit functions are relatively constricted (in red) compared to the
Gaussian Process prediction (green) when the prediction are sampled at point X4 and Xg. The
black line shows the covariance matrix. The third pane shows the Covariant matrix of the kernel,
where X4 and Xp are labeled. [96].

Gaussian Process: Regression

The Gaussian process background prediction result in a joint probability distribution on the count
in each bin. The mean function of this probability distribution is the background estimation

prediction. The covariance matrix from it is the GP prediction uncertainty.

e The Mean Function
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(@i ly) = p(ws) + K (o, 2)[ K (2,2) + 07 (2)I]7 (y = p()) (6.9)

Here, p(x4|y) is the mean function posterior prediction of of point x4, given known data
point x and y, K is the kernel, I is the diagonal matrix, ¢ is the white noise term in each bin.
(x4 ) is the prior probability distribution mean. x is a vector of the input mass point, and
' are the same points in a 2d matrix. y is the corresponding data count in each mass point
x. x’ is the vector of same points as x in a 2d matrix. x, is the vector of the points where

the background prediction are evaluated.

e The Covariance Function
S (24 2y) = K (s, 2) = (K (2g,2") + ") VK (2,2")] (6.10)

. . I
Here, the covariance is defined for x4, and x,.

Gaussian Process: the Kernel

From Eq. 6.10, kernel is directly related to the covariance function in Gaussian Process. Various
kernels are used for different analysis backgrounds with distinct features. A specific example to the

dijet spectrum is demonstrated in [96]. A more general example is given as below:

e Background Kernel

The background kernel is the addition of the Radial Basis kernel function plus the white noise

kernel.

I
[z =21l
2

Kbkg(xa l") = Ay * 6.7)]9(— ) * + Kpoise (611)

01
Here, A; is the amplitude hyperparameter that describes the size of the kernel, oy is the

lengthscale parameter. The noise kernel is a constant diagonal kernel:

noise level if x; == x;,
Knoise(xivxj) = (612)

0 otherwise.

e Signal Kernel

The signal kernel is a square centered exponetial kernel

K (2, 2;) = Ag - eap(—(z = m)*[(2-03)) - exp(—((z' = m)?[(2- 05))) + Kppise  (6.13)
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Here, A, is the amplitude of the signal kernel, m is the value where the kernel peaked on, and oy

is the lengthscale of the signal kernel.

Of all the hyperparameters, the lengthscales(oq; and o9) are given special attention as its value
descirbes how much neighboring points affect prediction at any given point. It is prone to take
on a low value and overfit the data being predicted. Their special treatment are described in the

following sections.

Gaussian Process: Hyperparameter Optimization

Kernels are parametetrized by hyperparameters. Hyperparameters are higher level parameters that
controls and aid the learning of the process through input of data. The lengthscale hyperparameter,
with its special nature, has a lower bound, found through the signal injection test described in [97].
Other hyperparameters are not bounded. The minimization of the hyperparameters is performed
through a scalar conjugate gradient search. To avoid reaching a local minimum, the initial values
of the hyperparameters are chosen through a grid. The minimized hyperparameter are compared
to the other sets with different initial values. The set of hyperparameters with the overall lowest

negative log likelihood is chosen to be the optimal hyperparameters.
1 n
—In(L) = =5in ) | = (y - p(@)) - 5 In(27) (6.14)

6.5 Statistics Testing

Statistical testing is the quantification of the significance of any observed excess and the signal

sensitivity exclusion presented in the data.

There are two distinct statistics tests in a typical resonance search analysis. The two tests will be

referred to as “the search” and the “limit setting”. Details are described in the following sections.

6.5.1 The Search

The search aims to look for model independent statistical excesses present in data. This test is
implemented in comparison to the null hypothesis, where it is defined to be the Standard Model pre-
diction. The search is implemented in a frequentist manner through the Bumphunter method [106].
This section describes the statistics principle behind this test and details the Bumphunting proce-

dure.
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The Search: The Statistics Principles

The probability of having made a measurement in each bin can be described by a probability
distribution. As each measurement is considered an independent event in a fixed data-taking
period and physical variable value. The probability distribution takes the Poissonian probability

distribution form:

e
P(zx =k|\) = T (6.15)

Here, A is the expected value of the measured quantity k, x is the quality being measured, e is

Euler’s number.

The test is implemented in a frequentist manner. It compares the observation outcome x with a fixed
critical value « of a probability distribution. The distribution is generated from pseudoexperiments.
Psuedoexperiments are sample distributions drawn from the the Poissonian probability distribution
of each bin. Test statistics can be calculated for each of these distribution. The value used to reject

or accept the null hypothesis is quantity that is compared in relation to « called the p-value.

P(x 3> w|Hy) <=« (6.16)

Here, Hy is the null hypothesis, and « is the critical value below which an excess will be quoted. The
value is usually taken to be 0.01 for the Bumphunter experiment. It corresponds to a probability

of 1%. x is the observed value. w is all possible outcomes.

The Search: Test Statistics

The test statistic is a function of the observable z, that describes the agreement between data and

the model. The p-value in 6.16 can be rewritten as:

p= P(T >= tolHo) (617)

Here, H is the null hypothesis, ¢y, is the test statistic above a certain test value, and T is the

observed test statistic.

Equation 6.17 evaluate the p-value of the observed value. T is a function of the observed x in the

window. It’s the probability of the observed test statistics obtaining a value at least as extreme as
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to. A small p-value refects a poor agreeement between the observed T value and the hypotheis Hy.

Various test statistics are available to quantify the level of agreement between an observation and
a hypothesis. If the test is concerned with overall agreement between data and the model, the X2

test or the log-likelihood of the Poissonian distribution are fitting candidates.

The Bumphunter test statistic instead to quantifies localized excess. The test statistic is defined in
a window and calculated for the bins within. It is a more powerful test for the kind of deviation

expected in resonance hunting.

In a window defined from bin number m to n, the observed data and prediction can be given as

the following:

d=) d; (6.18)
i=m

Here d is the total number of events in the window observed, where d; is the count in each of the
bins from m to n. Here b is the total number of events in the window predicted, where b; is the

event count in each of the bins from m to n.

Assuming the observed counts in each bin follow a Poissonian distribution, the test statistic is:

d p" _-b
-0 5¢ ford<b
"t = ZZO‘O " (6.20)
Y od %e forb=<d

The above expression can be represented by the Gamma function(v):

1-~(d+1,b) ford<b
(BH _ ¥( ) (6.21)
~(d,b) for b < d.

The p-value of the Bumphunter test statistic is evaluated for every windows from two-bin wide to
half the spectrum(tBH). The overall Bumphunter test statistic is defined by the to be the log of
the smallest p-value calculated from the smallest p-value window, and can be represented as the

following(tili{n):

P = (B (6.22)
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Significance Z and the p-value can be calculated from this test statistic in Eq. 6.17 and thereby
provide the probability that the SM hypothesis could have generated data this unlikely or more.

The Search: The Bumphunting Procedure

The Bumphunting procedure is defined to look for excesses as defined by the Bumphunter statis-
tics [98].

1. First a background model fit is performed. (See Section 6.4). The x> of the fit is verified to have

a p-value > 0.01. Otherwise, the fit will be revised or moved to an alternative method.

2. If the background fit passes the X2 test, the Bumphunting test can begin. In all defined windows,
Bumphunter test statistic and their p-values are calculated. If the overall Bumphunter test statistic
has a p-value above 0.01, the procedure stops, no excess is found. Alternatively, if any one of the
windows has p < 0.01, the window most discrepant window (the window with the lowest p-value)
is removed, and the fit is reperformed. If the new fit with the window removed has a p-value above

0.01, it shows the discrepancy is completely contained in the window removed.

3. After reperforming the fit with the window removed, if an overall Bumphunter statistics p-value
is found to be over 0.01, the procedure stops. A local discrepancy may have been discovered in
the removed window. Otherwise, if the newly discovered most discrepant window is adjacent to
the window removed, it demonstrates that the signal peak may still be outside of the window, one
more bin of window exclusion will be added to the removed window. If the newly discovered most
discrepant window is not adjacent to the window removed, one bin of each side is added to the
original removed window. The fit is re-performed with the new window removed. This step is
repeated until either the p-value of the fit with the removed window has a p-value above 0.01, or no
additional window could be added to the exclusion because all bins has been added to the removal

window.
Summarizing from the above, three end results are possible in the search test:

1. If no window is excluded and the fit has a Bumphunter p-value statistics above 0.01. No excess

is found.

2. If there is one excluded window and a background fit with a Bumphunter statistics p-value of

above 0.01. An excess up to a certain significane is quoted.

3. In all other scenarios, more tests are required. The background model fit could be problematic

and need further testing.

72



6.6 Limit Setting

The limit setting can be performed in two different ways, the Bayesian statistical way and the
frequentist way. While the interpretation and implication of the results made with the different

methods are different, the results produced are designed to be comparable across different analyses.

The Bayesian method is used for the dijetISR analysis(Chapter 7) and the frequentist method is
used for the dimuon analysis(Chapter 8). A summarized formuation of the frequentist limit is given

as below.

6.6.1 Frequentist Limits

The following subsection describes the test statistics used for the limit setting. A formulation of
the traditional frequentist calculation is presented. The Asimov approximation method used to
approximate the frequentist limit from a representative dataset is described, which is the ATLAS
standard, and it saves computing resources. The formulae for the limit calculation using this

method are given. Adaptation with the Gaussian Process is also discussed.

Frequentist Limits: The Test Statistics

The probability distribution of the observable x in each bin of the histogram can be given by a
Poissonian probability distribution. This probability distribution is a function of many parame-
ters, including the signal strength, and other systematic uncertainty parameters, for example, the
variation in luminsoity. As these variable are not the target parameter where limit is set, they are
known as the nuissance paramters. From the Poissonian distribution, its likelihood function can be

parameterized as such, with the predicted signal event and background events made explicit:

N nj M
< Si+b0:)7 (st —u
L(u,0) = | | %6( pes;+bj) | | HZ_’;'e( k) (6.23)
i=0 I’ k=1 '

Here, L is the likelihood product from the target distribution multiplied by systematic parameter
distributions, p is the signal strength, s; is the number of expected signal events in the jth bin, b,
is the number of expected background events in the jth bin, n; is the number of observed events
in each bin; N is the total number of bins. The likelihood is also affected by variations in other
parameters, which include sysmstatic uncertainty terms such as imprecise luminosity measurement
or energy correction uncertainties. These are not the targeted signal strength and are often known

as the nuissance parameters. here, u is the predicted value by the model, and my is the observed
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value.

The most probable value of the parameters are those that maximize the likelihood function. How-
ever, since in limit setting, the only parameter we are interested in learning about is the signal
strength, the influence from the unknown true value of the nuisance parameters can be taken into
account or eliminated. As optimizing the true likelihood is often computationally expensive, a
“profiled likelihood” function is constructed. This quantity, when maximized, gives the same effect

as maximizing the true likelihood.

L(p,0)

=1 E (6.24)

Here, ﬁ ands 6 are the values that maximizes L for u specified. the denominator is the maximized
unconditional likelihood function, where i and 6 are the parameter values that would maximize

the unconditional likelihood function regardless of specific u values.

To aid the optimization process, it is usually the negative log of the profiled likelihood that is used

for the limits calculation:

AR)
o L, 0)

. 6.25
L(f,0) 029

Q,u=_2

The Frequentist Limits: The Limits Formulae

The formulae for the limits calculation is given below:

e The Observed 95% Upper Limit
fapfio = fi + 0@ (1 = a/2) (6.26)
here, u is the signal strength, up/lo is the upper or the lower 5% confidence limit.
e The Expected Median Limit
med[uupm'] =i +0d (1 -a) (6.27)
here, ,u' is the expected signal strength.

here, med is the median of the observed limits.
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e The Expected Limits Significance
bandy, = ' + o(®(1 - a) + —=N) (6.28)
Here, p is the signal strength being considered, « is the significance associated with 95% confidence

and the median significance respectively, ® is the cumulative Gaussian distribution where the

observed p-value lies.

Note that the calculation of the denominator in 6.23 is CPU-intensive, and can be approximated.

The Frequentist Limits: The Asymptotic distribution

From the Wald theorem, the test statistic can be approximated:

—21n(/\(,u))—( D + O(1/VN) (6.29)

Here, p is the observed value, whereas the [i is the expected strength that would maximize the

likelihood, o is the expected spread in the distribution.

If the terms in O are neglected, the test statistic will then asymtotically follow a non-central chi-

square distribution, derivation is in [107]:

1) = 5= —=leap(~5 (Ja: + V&) + eap(~5 (g, - VE)*)] (6.30)

N

Here, A is the non-centrality term, it can be shown that it can be estimated to be:

A=2In(A4s(p)) (6.31)

Where A4 is the likelihood calculated from the asymtotic distribution. A detailed proof can be
found in [107].

Frequentist Limit: The Asimov dataset

The finding of /i in the denominator in 6.25 is CPU intensive. The dataset is large with many di-
mensions. The Asimov dataset reduces the calculation here by showing that i can be approximated

by ,u', the expected value of the strength parameter. From this, CPU intensive calculation of the
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p-value can be avoided. Significance and thus the upper limit and the observed limit fluctuation
can be reduced to simple formulae that only require calculations from the representative Asimov
dataset. A proof is given in the following section, and the formulae used for the upper limit and

expected limit calculation in this thesis are included in the end.

Below are the results quoted from [107], a detailed derivation can be found there.
e The Test Statistics Distribution

F(t,|p) = 20(,/t,) - 1 (6.32)

Here F is the distribution of the statistics, ¢,, is the test statistic at the given p value of the

distribution.

e The P-value of a Hypothesized p for an Observed Value ¢,

pu=1=F(t,lp) = 201 - /(1)) (6.33)
e The Significance
Zy =0 (1-p,) =& (20(/t,) - 1) (6.34)

From this calculation, the limit calculation in the above Section 6.6 can be utilized for a limit

calculation.

Frequentist Limits: Gaussian Process Adaptations

The Gaussian process has been shown to be able to be incorporated within the Asimov method
of frequentist limit setting [96]. In Figure 6.4, the likelihood ratio in the Gaussian process 6.35
is a proxy for the profile likelihood ratio used in the Asimov limit. The likelihood came from the
6.14 in the Gaussian Process section above. It can be seen that it approximately follows the x2
distribution, satisfying a requirement that follows from the Wald approximation that allows for the

Asimov approximation of limits.
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Figure 6.4: This figure shows the negative log of the A which is an approximation of the measure
of the profiled likelihood ratio defined in 6.24. The top part is the distribution for background
only pseudo-experiments, whereas the bottom is the background and signal distribution. They
show a reasonable agreement to the X2 fit, a required condition for the Asimov approximation for
a frequentist limit setting [96].

A new test statistic for Gaussian Process that is parametrized by the kernel hyperparameters is

used instead for limit setting:

GP signal + bkg ﬁt(#v 9) )

L
—In(A), where A = —
LGp bk it (/15 0)

(6.35)

Here, In(A) is the new test statisitics used for the limit setting L is the likelihood defined in
Eq. 6.14. The numerator is the likelihood with both the background and signal kernel, whereas the

denominator is likelihood with just the background kernel.

With the above procedure in place, actual data from analysis is ready to be analyzed for resonance
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in the dijetISR and dimuon channels.
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Chapter 7

Search for Resonances in the Resolved
Dijet Final State with an Initial State

Radiation

It is our perpetual dissatisfaction with ourselves that causes us to approach the world
as a space of possibility that has the power to awaken our attention and make us

marvel at its vibrant details.
— Mari Ruti, A World of Fragile Things: Psychoanalysis and the Art of Living

This chapter is heavily based on work previously published [108]in collaboration with ATLAS.

7.1 Introduction

Searches for resonant enhancements of the dijet invariant mass distribution (mj;) are an essential
part of the LHC physics programme. New particles with sizeable couplings to quarks and gluons
are predicted by many models, such as those including resonances with additional couplings to
dark-matter particles [109, 110].

Searches for dijet resonances with masses of several hundreds of GeV to just above 1 TeV have
been carried out at lower-energy colliders [111, 112, 113, 114, 115] and at the LHC, which has
also extended search sensitivities into the multi-TeV mass range [116, 117, 118, 119, 120, 121, 122,
123, 124, 125, 126, 127, 128, 129, 130]. Despite using higher integrated luminosities than earlier
colliders, these LHC searches have been limited at lower masses by a large multi-jet background.

Multi-jet events are produced at such high rates that fully recording every event would saturate
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the online data selection (called trigger) and data acquisition systems. To avoid this, minimum
transverse momentum (p%lin) thresholds are imposed on triggers collecting events with at least one
jet (called single-jet triggers). These thresholds create a lower bound on the sensitivity of searches
at a mass of approximately mj; = 2p$in, where p?in is typically several hundred GeV. Consequently,
searches for dijet resonances at the LHC have poor sensitivity for masses below 1 TeV, and set limits
on the couplings of the resonance to quarks in this light-resonance region which are weaker than
limits in heavy-resonance regions [131]. Nevertheless, despite the difficulty of recording events
containing light resonances, they remain a viable search target at the LHC, both from a model-
agnostic point of view [132] and, for example, in models of spin-dependent interactions of quarks

with dark matter [109, 110].

Recently, ATLAS and CMS have published searches for low-mass dijet resonances using several
complementary strategies to avoid trigger limitations. For mj > 450GeV, the most stringent

limits are set by searches recording only partial event information [128, 129].

Another search avenue is opened by data in which a light resonance is boosted in the transverse
direction via recoil against a high-pt photon [133, 134]. Requiring a high-pyphoton in the final state
reduces signal acceptance but allows efficient recording of events with lower dijet masses. At even
lower resonance masses, the decay products of the resonance will merge into a single large-radius
jet. Searches for this event signature have been used to set limits on resonant dijet production
at both ATLAS [135] and CMS [136, 137]. However, these searches become less sensitive above
200 GeV—-350 GeV, when the decay products fall outside the large-radius jet cone.

This chapter presents a new search for resonances in events containing a dijet and a high-ppphoton
in the final state, using proton—proton (pp) collisions recorded at a centre-of-mass energy /s =
13 TeV and corresponding to an integrated luminosity up to 79.8 (ifb). The search targets a dijet
mass range of 225 GeV-1.1 TeV. This range covers masses below the range accessible using single-jet
triggers or partial-event data and above the mass range where the resonance decay products merge.
The search is performed using samples of events selected either with or without criteria designed to
identify jets originating from bottom quarks (b-jets). Searching in a subset of the data selected with
b-jet identification criteria enhances sensitivity to resonances which preferentially decay into bottom
quarks. This search probes masses above 225 GeV, obtaining results complementary to the reach of
previous dijet searches at a centre-of-mass energy of /s = 13 TeV: below approximately 600 GeV,
previous ATLAS di-b-jet searches lose sensitivity [138], while the range of the CMS boosted di-b-jet
search [137] is limited to a mass region up to 350 GeV. Another complementary CMS search for
resonances with masses above 325 GeV decaying to b-jets at a centre-of-mass energy of /s = 8 TeV
is described in Ref. [139].
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7.2 Data samples and event selection

The result presented in this chapter is based on data collected in pp collisions at /s = 13 TeV during
2015-2017. The signal consists of events with two jets from the decay of a new particle, and an

additional photon, radiated off one of the colliding partons.

Data were collected via either a single-photon trigger or a combined trigger requiring additional
jets, to allow a lower prrequirement on the photon. The data collected with the single-photon
trigger are used to search for resonances with masses from 225 GeV to 450 GeV, while the data
collected with the combined trigger are used to search for resonances with masses from 450 GeV
to 1.1 TeV.

> 140 GeV, where

E% trig 19 the photon transverse energy as reconstructed by the software-based trigger. The com-

The single-photon trigger requires at least one photon candidate with E% trig
bined trigger requires a photon and two additional jet candidates, each with pt > 50GeV. The
combined trigger requires E% trig > (0 GeV for the 2016 data, increasing to E% trig > 89 GeV for
the 2017 data. This trigger was not active during the 2015 data-taking period. As a consequence,
the single-photon trigger recorded 79.8 (ifb) of data and the combined trigger recorded 76.6 (i fb)
of data. Both triggers are fully efficient within uncertainties in the kinematic regimes used for this

analysis.

After recording the data, a subset of collision events consistent with the signal are selected to
populate mj; distributions for subsequent analysis. A brief description of the reconstruction methods

is given below together with the event selection.

In all of the events selected for analysis, all components of the detector are required to be operating
correctly. In addition, all events are required to have a reconstructed primary vertex [140], defined

as a vertex with at least two reconstructed tracks, each with pp > 500 MeV.

Photon candidates are reconstructed from clusters of energy deposits in the electromagnetic calorime-
ter [141]. The energy of the candidate is corrected by applying energy scale factors measured with
Z — e"e” decays [142].

The trajectory of the photon is reconstructed using the longitudinal segmentation of the calorime-
ters along the shower axis (shower depth) and a constraint from the average collision point of the
proton beams. Candidates are restricted to the region |n| < 2.37, excluding the transition region
1.37 < |n] < 1.52 between the barrel and endcap calorimeters to ensure that they arise from well-
calibrated regions of the calorimeter. An additional requirement is applied on the transverse energy
of the photon candidate after reconstruction, which is required to have E% > 95 GeV, where E% is

the transverse energy of the photon candidate after reconstruction.
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Quality requirements are applied to the photon candidates to reject events containing misrecon-
structed photons arising from instrumental problems or from non-collision backgrounds. Further
tight identification requirements are applied to reduce contamination from 7 or other neutral
hadrons decaying into two photons [141]. The photon identification is based on the profile of the
energy deposits in the first and second layers of the electromagnetic calorimeter. In addition to
the tight identification requirement, candidates must meet tight isolation criteria using calorimeter
and tracking information, requiring that they be separated from nearby event activity [143, 144].
Converted photon candidates matched to one track or a pair of tracks passing inner-detector qual-
ity requirements [141] and satisfying tight identification and isolation criteria are also considered.
Any pair of matching tracks must form a vertex that is consistent with originating from a massless

particle.

Jets are reconstructed using the anti-k; algorithm [145, 146] with radius parameter R = 0.4 from
clusters of energy deposits in the calorimeters [147]. Quality requirements are applied to remove
events containing spurious jets from detector noise and out-of-time energy deposits in the calorime-
ter from cosmic rays or other non-collision sources [148]. Jet energies are calibrated to the scale of
the constituent particles of the jet and corrected for the presence of multiple simultaneous (pile-up)
interactions [149, 150].

After reconstruction, jets with transverse momentum pjTet > 25 GeV and rapidity |77jet| < 2.8 are
considered. To suppress pile-up contributions, jets with pjrf)t < 60 GeV and |17Jet| < 2.4 are required
to originate from the primary interaction vertex with the highest summed p2T of associated tracks.

If a jet and a photon candidate are within AR = 0.4, the jet candidate is removed.
These requirements retain approximately 30% of a typical signal sample.

Jets which likely contain b-hadrons are identified (b-tagged) with the DL1 flavour tagger [151].
Tracks are selected in a cone around the jet axis, using a radius which shrinks with increasing pj;l?t.
The selected tracks are used as input to algorithms which attempt to reconstruct a b-hadron decay
chain. The resulting information is passed to a neural network which assigns a b-jet probability to
each jet. To account for mismodelling in simulated b-hadron decays, a comparison of the discrimina-
tion power of this network in data and Monte Carlo simulation is performed and correction factors
are applied to simulation to reproduce the data [152]. Jets are considered b-taggedwhen the DL1
score exceeds a threshold consistent with a 77% b-hadron identification efficiency on a benchmark

tt sample. At this threshold, only 0.7% light-flavour jets and 25% charm-jets are retained.

Events which contain at least one photon candidate and two jets are selected using the above criteria
and separated into four categories for further analysis. Two of the categories are constructed with
flavour-inclusive criteria, for which b-tagging results are ignored. One of these two categories
contains events recorded via the single-photon trigger, and the other category contains events

recorded via the combined trigger. To ensure the trigger is fully efficient, events in the single-photon-
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trigger category are required to have a photon with E% > 150 GeV and events in the combined-
trigger category are required to have a photon with E% > 95 GeV and two jets with piﬁt > 65 GeV.
The remaining two categories consist of events selected as in the flavour-inclusive categories, except
that the two highest—pjTet jets must satisfy the b-tagging criteria and have |77jet| < 2.5 to ensure that
they fall within the acceptance of the tracking detectors.

Dijet production at the LHC occurs largely via t-channel processes, leading to jet pairs with high
absolute values of y* = (y; — y2)/2, where y; and y, are the rapidities of the highest-py (leading)
and second-highest-py (subleading) jet, respectively. On the other hand, heavy particles tend to
decay more isotropically, with the two jets having lower |y*| values. Therefore, |y*| < 0.75 is
required for all four categories. This selection rejects up to 80% of the multi-jet background events
while accepting up to 80% of the signal events discussed below. A further selection is applied to
select events above a given invariant mass depending on the trigger, mj; > 169 GeV for the single-
photon trigger and mj; > 335 GeV for the combined trigger. This is so that the background can be
described by a smoothly falling analytic function satisfying the goodness-of-fit criteria described
in 7.3.

Table 7.1: Event selections used to construct each of the four event categories, as described in the
text.

Criterion Single-photon trigger Combined trigger
Number of jets Njets = 2

Number of photons ny 21

Leading photon E% > 150 GeV E% > 95 GeV
Leading, subleading jet p‘?t > 25 GeV pj{ft > 65 GeV
Centrality lv*| = |v1 = yo| /2 < 0.75
Invariant mass msj > 169 GeV ms; > 335 GeV
Criterion (applied to each trigger selection) Inclusive b-tagged

Jet || 17| < 2.8 7] < 2.5
b-tagging - Nitag = 2

The above selections, summarised in Table 7.1, yield 2,522,549 and 15,557 events acquired by
the single-photon trigger for the flavour-inclusive and b-taggedcategories, respectively. They yield
1,520,114 and 9,015 events acquired by the combined trigger in the corresponding categories.

The distributions of my; for events in each of the four categories are shown in Fig. 7.1. Hypothetical

signals with mz = 250 GeV and mz = 550 GeV, as further discussed in Section 7.5, are overlaid.

At the largest dijet masses considered, the combined-trigger categories provide greater sensitivity
to signals than the single-photon-trigger categories due to their greater signal acceptance. The
sensitivity is defined as S/vB, where S and B are the number of signal and background events in

the simulation samples described in Section 7.5. At the smallest dijet masses considered, the jet pr
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thresholds of the combined trigger cause those categories to lose efficiency for signals and bias the
m;; distributions of the background processes. Therefore, to optimise the search across a wide range
of signal masses, the invariant mass spectra selected using the combined-trigger categories are used
in the search for signal masses above 450 GeV, while the spectra obtained with the single-photon

trigger are used for lower masses.

7.3 Background estimation

To estimate the Standard Model contributions to the distributions in Fig. 7.1, smooth functions
are fit to the data. The dijet searches of the CDF, CMS, and ATLAS experiments [114, 116, 119,
123, 125, 125, 123, 115, 128] have successfully modelled dijet mass distributions in hadron colliders
using a single function over the entire mass range considered in those searches. This approach is
not suitable when data constrain the fit too tightly for a single function to reliably model both ends
of the distribution simultaneously. Here, a more flexible technique is adopted, similar to that used
in recent ATLAS dijet resonance searches [130, 129]. In this technique, a single fit using a given
function over the entire mass distribution is replaced by many successive fits. For each bin of the
mass distribution, the same function is used to fit a broad mass range centred on the bin, and the
background prediction for that bin is taken to be the value of the fitted function in the centre of the
range. The process is repeated for each bin of the mass distribution and the results are combined
to form a background prediction covering the entire distribution. For invariant masses higher than
the my; range used for the search (above 1.1 TeV), the window is allowed to extend beyond the

range as long as data is available.

A set of parametric functions are considered for these fits:

2
f(z) = pra PP (7.1)

or

2
F(x) = py(1 - $)p2$1’3+p41n$+?5(lnm) : (7.2)

where x = mj;/+/s and p; are free parameters determined by fitting the mj; distribution. In addition
to the five-parameter function in Eq. (7.2), a four-parameter variant with ps = 0 and a three-
parameter variant with ps = p4 = 0 are also considered. The width of the mass range used for the
individual fits was optimised to retain the broadest possible range while maintaining a X2 p-value

above 0.05 in regions of the distribution that do not contain narrow excesses, where excesses are
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identified using the BumpHunter algorithm described in the next section. The sliding window
procedure cannot be extended beyond the lower edge of the mj; range used in each signal selection.
Therefore, until the optimal number of bins is reached on each side of a given bin center, the start
of the window is fixed to the lower edge of the spectrum and the fitted functional form is evaluated
for each bin in turn. This procedure allows for a stable background estimate while maintaining
sensitivity to signals localised in the my; distribution. Tests performed by adding sample signals to
smooth pseudo-data distributions confirmed that this approach can find signals of width-to-mass
ratios up to 15%, with sensitivity increasing for narrower signals. The ranges of the individual fits
vary from 750 GeV in the narrowest case to 1600 GeV in the widest case. A signal with a 15%
width-to-mass ratio constrained by the narrowest fit would have an absolute width of 163 GeV, or

less than one quarter of the fit range.

Monte Carlo samples of background containing a photon with associated jets were simulated using
SHERPA 2.1.1 [153], generated in several bins of photon transverse momentum at the particle
level (termed as E% for this paragraph), from 35 GeV up to energies where backgrounds become
negligible in data, at approximately 4 TeV. The matrix elements, calculated at next-to-leading
order (NLO) with up to three partons for E% < 70 GeV or four partons for higher E%, were merged
with the SHERPA parton shower [154] using the ME4+PS@LO prescription [155]. The CT10 set of
parton distribution functions (PDF) [156] was used in conjunction with the dedicated parton shower
tuning developed by the SHERPA authors. These samples, alone and in combination with the signal
samples discussed below, were used to validate the background model obtained with the above
mentioned method, and they were also used to verify that the fitting procedure is robust against
false positive signals. Additionally, the simulated samples were used to calculate the fractional
dijet mass resolution, which was found to be in the range 8%-3% for the masses of 225 GeV up to

1.1 TeV considered in this search.

7.4 Search results

Fig. 7.1 shows the results of fitting each of the observed distributions, as described in Section 7.3.
For each distribution, the function among those in Egs. (7.1) and (7.2) and their variants which
yields the highest X2 p-value (shown in the figure), in absence of localized excesses, is chosen as the
primary function for the fitting method. The function with the lowest X2 p-value which still results
in a p-value larger than 0.05 is chosen as an alternative function. The primary and alternative
functions for each of the four search categories are shown in Table 7.2. The alternative function
is used to estimate the systematic uncertainty of the background prediction due to the choice of

function, as described below.

The statistical significance of any localised excess in each my; distribution is quantified using the
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Figure 7.1: Dijet mass distributions for the a flavour-inclusive and b b-taggedcategories. In both
figures, the distribution for the sample collected using the combined trigger with E% > 95 GeV and

two pJTEt > 25 GeV jets (filled circles) and the distribution for the sample collected using the single-
photon trigger with E% > 150 GeV (open squares) are shown separately. The solid lines indicate
the background estimated from the fitting method described in the text. Also shown are the p-
values both by a X2 comparison of data to background estimate and by BumpHunter (BH). The
solid and empty triangles represent a Z ' injected signal with g, = 0.1, masses of 550 and 250 GeV,
respectively, where the theory-cross section is multiplied by the factor shown in the legend. The
bottom panels show the significances of bin-by-bin differences between the data and the fits for the
combined trigger (middle) and single-photon trigger (bottom). These Gaussian significances are
calculated from the Poisson probability, considering only statistical uncertainties on the data.

Table 7.2: Summary of functions used for background fits to each category. The five-parameter
function (5 par.) is given in Eq. (7.2). The four-parameter variant (4 par.) sets ps = 0, while the
three-parameter variant (3 par) sets ps = py = 0.

Fit Flavour-inclusive, Flavour-inclusive, b-tagged, b-tagged,

single v trigger combined trigger single v trigger combined trigger.
Primary fit Eq. (7.2), 5 par. Eq. (7.2), 4 par. Eq. (7.2), 4 par. Eq. (7.2), 3 par.
(x° p-value) (0.11) (0.23) (0.75) (0.53)
Alternative fit | Eq. (7.2), 4 par. Eq. (7.1) Eq. (7.2), 3 par. Eq. (7.2), 5 par.
(x° p-value) (0.07) (0.20) (0.75) (0.44)
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BumpHunter (BH) algorithm [157, 158]. The algorithm compares the binned m;j; distribution of the
data with the fitted background estimate, considering mass intervals centered in each bin location
and with widths of variable size from two bins up to half the mass range used for the search (169

or 335 GeV to 1.1 TeV, for the single and combined trigger respectively).

The statistical significance of the outcome is evaluated using the ensemble of possible outcomes
by applying the algorithm to many pseudo-data samples drawn randomly from the background
fit. Without including systematic uncertainties, the BumpHunter p-value — the probability that
fluctuations of the background model would produce an excess at least as significant as the one
observed in the data, anywhere in the distribution — is p > 0.5 for all distributions. Thus, there is

no evidence of a localised contribution to the mass distribution from new phenomena.

7.5 Limit setting

Limits are set on the possible contributions to the my; distributions from two kinds of resonant
signal processes. As a specific benchmark signal, a leptophobic 7' resonance is simulated as in
Refs. [110, 125]. The Z' resonance has axial-vector couplings to quarks and to a fermion dark-
matter candidate. The coupling of the Z "to quarks, gq, is set to be universal in quark flavour. The
mass of the dark-matter fermion is set to a value much heavier than the Z ', such that the decay
width to dark matter is zero. The total width I'z is computed as the minimum width allowed
given the coupling and mass my; this width is 3.6%-4.2% of the mass for mz = 0.25-0.95 TeV
and gq = 0.3. The interference between the Z "in this benchmark model and the Standard Model
Z boson is assumed to be negligible. A set of event samples were generated at leading order with
my values in the range 0.25-1.5 TeV and with g, = 0.3 using MADGRAPH5_aMC@NLO 2.2.3 [159];
the NNPDF3.0 LO PDF set [160] was used in conjunction with PYTHIA 8.186 [161] and the A14
set of tuned parameters [162]. For these samples, the acceptances of the kinematic selections in
the flavour-inclusive categories range from 1% to 2.5%, increasing with signal mass, for the sample
collected by the combined trigger and from 4% to 10% for the sample collected by the single-
photon trigger. For the b-taggedcategories, the kinematic acceptance is defined relative to the full
flavour-inclusive generated samples, leading to acceptance values of 0.2%-0.4% and 0.7%-1.6% for
the combined and single-photon trigger, respectively. The reconstruction efficiencies range from
74% to 80% for the flavour-inclusive categories and from 40% to 48% for the b-taggedcategories,

decreasing with increasing signal mass.

Limits are set on the considered new-physics contributions to the mj; distributions using a Bayesian
method. A constant prior is used for the signal cross-section and Gaussian priors for nuisance
parameters corresponding to systematic uncertainties. The expected limits are calculated using

pseudo-experiments generated from the background-only component of a signal-plus-background
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Figure 7.2: Excluded values of the coupling between a Z "and quarks, at 95% CL, as a function of
my, from a the flavour-inclusive and b the b-taggedcategories. Below 450 GeV the distribution of
events selected by the single-photon trigger is used for hypothesis testing, while above 450 GeV the
combined trigger is used.

fit to the data, using the same fitting ranges and functions selected as the best model in the search
phase. Signal hypotheses at discrete mass values are used to set 95% credibility-level (CL) upper
limits on the cross-section times acceptance [120]. The limits are obtained for a discrete set of

points in the g,—mz plane, shown in Fig. 7.2.

A more generic set of limits is shown in Fig. 7.3. These limits apply to the visible cross-section from
a Gaussian-shape contribution to the mj; distribution, where the visible cross-section is defined as
the product of the production cross-section, the detector acceptance, the reconstruction efficiency,
and the branching ratio, o X AX ex B. The Gaussian-shape contributions have mass mqg and widths
that span from the detector mass resolution, denoted “Res.” in the figure, ranging from 8% to 3%
for the mass range considered, for an intrinsically narrow resonance, up to 15% of the mean of the

Gaussian mass distribution.

Both the choice of fit function and statistical fluctuations in the mj; distribution can contribute to
uncertainties in the background model. To account for the fit function choice, the largest difference
between fits among the variants of Eq. (7.1) and Eq. (7.2) that obtain a p-value above 0.05, is taken
as a systematic uncertainty. The uncertainty related to statistical fluctuations in the background
model is computed via Poisson fluctuations around the values of the nominal background model.
The uncertainty of the prediction in each mj; bin is taken to be the standard deviation of the

predictions from all random samples.

The reconstructed signal mass distributions are affected by additional uncertainties related to the
simulation of detector effects. The jet energy scale uncertainty is applied to the Z " mass distributions

using a four-principal-component method [150, 163, 164], leading to an average 2% shift of the peak
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Figure 7.3: Upper limits on Gaussian-shape contributions to the dijet mass distributions from a
the flavour-inclusive and b the b-taggedcategories. The curve denoted “Res.” represents the limit
on intrinsically narrow contributions with Gaussian mass resolution ranging from 8% to 3% for the
mass range considered. Below 450 GeV, the distribution of events selected by the single-photon
trigger is used for hypothesis testing, while above 450 GeV the combined trigger category is used.
While the vertical axis is shared between the two selections, the signal acceptance is not the same
below and above the line, and this results in different limits for the 450 GeV resonance mass point.
Thus the two sets of limit points correspond to two different interpretations of the product of cross-
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value for each mass distribution. For the Gaussian-shape signal models, this average 2% shift is
taken as the uncertainty of the mean of each Gaussian distribution. In the case of the b-tagged
categories, uncertainties of the b-tagging efficiency are the dominant uncertainties in each mass
distribution. To account for these uncertainties, the contribution of each simulated event to a given

mass distribution is reweighted by 5%—15% for each jet, depending on its pp [152].

The remaining uncertainties are modelled by scaling each simulated distribution by 3% to account
for jet energy resolution in all categories [150], 2% for photon identification uncertainties in the
single-photon-trigger categories and 1.4% in the combined-trigger categories [141], 3% to account
for efficiencies of the combined trigger, and 1% for PDF-related uncertainties (only applied to the

mass distributions of Z' signals).

All these uncertainties are included in the reported limits; further uncertainties of the theoretical

. I .
cross-section for the Z' model are not considered.

The uncertainty of the combined 2015-2017 integrated luminosity is derived following a methodol-
ogy similar to that detailed in Ref. [165] and using the LUCID-2 detector for the baseline luminosity
measurements in 2017 [166]. The estimates for the individual datasets are combined and applied
as a single scaling parameter with a value of 2% for the single-photon-trigger categories and 2.3%

for the combined-trigger categories.

7.6 Conclusion

Dijet resonances with a width up to 15% of the mass, produced in association with a photon,
were searched for in up to 79.8 (ifb) of LHC pp collisions recorded by the ATLAS experiment at
Vs = 13TeV. The observed m;; distribution in the mass range 169 GeV < mj; < 1100 GeV can be

described by a fit with smooth functions without contributions from such resonances.

In the absence of a statistically significant excess, limits are set on two models: Z' axial-vector
dark-matter mediators and Gaussian-shape signal contributions. All mediator masses within the
analysis range are excluded for a coupling value of g, = 0.25 and above, with the exclusion limit
near a coupling of g, = 0.15 for most of the mass range. The b-taggedcategories yield Z' limits
comparable to the flavour-inclusive categories, assuming that the Z ' decays equally into all quark
flavours, and provide model-independent limits that can be reinterpreted in terms of resonances
decaying preferentially into b-quarks. For narrow Gaussian-shape structures with a width-to-mass
ratio of 7%, the flavour-inclusive categories exclude visible cross-sections above 12 fb for a mass
of 400 GeV and above 5.1 fb for a mass of 1050 GeV. When wider signals with a width-to-mass
ratio of 15% are considered, the exclusion limits are weaker at the lower mass values, with visible

cross-sections above 21 fb excluded for a mass of 400 GeV and those above 9.7 fb excluded for a
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mass of 1050 GeV.
These results significantly extend the constraints by ATLAS and other experiments at lower centre-

of-mass energies on hadronically decaying resonances with masses as low as 225 GeV and up to
1100 GeV.
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Chapter 8

The Resonance Search on the Dimuon

Signature

A truth is not something that is constructed in a garden of roses.”

— Alain Badiou, In Praise of Love

8.1 Introduction

Owing to its unprecedented high energy, the Run 1 and early Run 2 of ATLAS have long focused on
the high mass resonances searches that were not accessible to any other previous experiments. This
approach has left the relatively low mass resonances that are competitive in sensitivity unexplored.
In the resonance search for particles which decays into two leptons, in particular, the resonance
mass region above the Z boson peak has been searched since the beginning of Run 1 [167] [168].
However, the mass region below the Z mass peak remains uncovered to this date. Novel particles
with an LHC scale observable coupling are predicted by different theoretical models, some of them

are related to the dark matter models explored in Chapter 3.
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Figure 8.1: This cartoon illstrate the target signal region of the analysis and how it has not been
covered by the previous high-mass dilepton analysis.

This study shares many similar motivations as the analysis presented in Chapter 7, in which the
dark matter mediator Z' is projected to decay into two jets. In this analysis, dark matter mediator
Z' also couples to leptons. Since ATLAS collides protons, there are fewer background events which
produce lepton than those which produce jets, allowing ATLAS to retain events with leptons above
a lower transverse momentum threshold. To avoid the quarkonium background between 4-10 GeV

and the Z boson in 80 GeV, this analysis searches for resonances in the 10-68 GeV range.

This chapter presents an ongoing analysis of ATLAS. Most of the strategies have been finalized
and the analysis is on its way to being unblinded. The data preparation, trigger chain, event, and
object calibration that is completed and validated for the analysis is presented in Section 6.3. The
full statistical strategies, which utilize Gaussian Process as the background estimation method,
are covered in Section 8.5. The analysis utilizes data from the proton—proton collision in ATLAS
recorded at a center-of-mass energy of /s = 13 TeV up to 139 fh! of integrated luminosity.
The projected result is interesting to the theoretical community for the dark matter mediator
reinterpretation as well as its constraint on signatures of many other possible models, which include
quantum blackholes [169] and Z* [170]. The result of this study is complementary to the higher
mass dilepton search and is assumed to have limits comparable to the CMS [171] and LHCb [172]

results. This work also references previous studies performed in [103].

8.2 The Search Channels

In the LHC, not all collision events are stored due to the limitation in processing bandwidth. Trig-
gering is the processing and storage of selective events (See Chapter 4 for more details). Triggering
introduces distortions in the distributions of the kinematic quantities. An example is the muon
Pr requirement in triggering, which produces a trigger turn-on feature in the search region as seen

in the red inclusive histogram in Figure 8.2. Non-physical features in the background can lead to
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difficulty in background modeling. Given this, in the dimuon analysis, two different search channels
are employed. In the 40-68 GeV region, the inclusive dimuon signal as shown in 8.3 is searched
for. In the 10-40 GeV of the analysis, an initial state radiation(ISR) signal as shown in 8.4 is
hunted. Figure 8.2 feature the background distributions of these two search range highlighted in
blue. In the boosted channel, an additional cut of dimuon Pr > 14GeV is applied to the dataset.
This cut produces a smooth background and retains a signal efficiency of above 90% using the ISR
signal. This strategy is effective in producing a background that can be modeled and maximizing
the search sensitivity. This two-channel treatment was first proposed in Ref [103]. Changes have

been made to accommodate the increase in the center-of-mass energy of the analysis.
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Figure 8.2: This figure shows feature from trigger turn on in the inclusive dimuon channel that
results in a bump in 35 GeV(Red) . Utilizing a minimal dimuon Pp cut in the boosted channel
made it possible to recover a smooth background in the lower mass region from 10-45 GeV(Green).
Samples used here are MC16a ATLAS full simulation listed in section 8.2.

8.3 Signal Theoretical Model

The analysis uses the dark matter LHC benchmark model and dark photon model outlined in
Section 3.5.5 of Chapter 3. Limit setting on generic Gaussian shapes of various width will enable
ease for reinterpreations for other models. Figure 8.3 and Figure 8.4 show the Feynman diagrams

of the signal used for the analysis. The signal MC is generated through ATLAS full simulation:
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the tree level event is generated through Madgraph5_aMC@QNLO [173]; the parton showering is
simulated through Pythia8 [174] and detector effect is modeled with Geant4 [175]. See Chapter 5

for details.

q mu-\

Figure 8.3: This figure shows the Feynman diagram of the inclusive dimuon signal as the signal for
the analysis.

q /

mu+

mu-\

Figure 8.4: This figure shows the Feynman diagram of the dimuon ISR signal for the boosted
channel of the analysis.

8.3.1 Trigger Chain

Triggering is the selective storage of events due to limiting processing and storage bandwidth.
Details on the ATLAS triggering system can be found in Chapter 4. Triggering streams each
have different cuts and they are tailored for different purposes. Using multiple trigger streams
with careful re-weighting could maximize the signal trigger efficiency through the use of multiple

streams. In the dimuon analysis, three trigger streams are employed for this reason.
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Table 8.1:

The table shows the trigger used for the dataset.

Reco pr Sub-Leading muon (GeV)

Type Period Trigger Chain Level 1 | pi™ offfine (GeV)
Isolation Single Muon 2015 HLT mu26_iloose_L1mulb | MU15 27
2016-2018 | HLT mu26_ivarmedium MU20
Non-Isolated Single Muon | 2015-2018 | H LT _mu50 MU20 27
Symmetric Dimuon 2015 HLT _2mul0 2MU10 | 15, 15
2015-2018 | HLT 2mul4 2MU10
Assymetric Dimuon 2015 HLT mul8 mu8noL1l MU15 24, 10
2016-2018 | HLT mu22_mu8noL1 MU20
§ OR of chains
s
g C | BC ABC1ABC2 ABC3
% 2 B | AB1 ; AB2
&
o A
Q
g s :  E—
9
4
4 9 15 23 27 g

Figure 8.5: This cartoon illustrates the trigger used for the different trigger region: A indicates

HLT_2mul4; B represents HLT mu22_mu8noL1; C shows HLT mu26_ivarmedium.

8.4 Data preparation

The final result of the strategies presented in this chapter is collected from proton-proton collision
data during the ATLAS Run 2 period at a center-of-mass energy of v13 TeV from 2016-2018.
The preliminary strategy of this chapter is generated from ATLAS full simulation Monte Carlo,

besides the Z > uu sample used. Due to the processs low statistics in the ATLAS full simulation,

a full-size Z > pp sample is created through a fast Sherpa and PYTHIA8 combination generation.

Section 8.4.1 details the superfast event generation. The MC are used for signal sensitivity test,

the binning studies as well as the finalizing the background Gaussian Process hyper-parameters in

this analysis before applying

them to data.
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8.4.1 Samples Used for the Analysis

The following are the samples used for the analysis. The largest background contribution in this
analysis is the Z > pup process; the second-largest contribution originates from Z > 77. Other pro-
cesses, including the t-channel ¢t decay, diboson decay as well as top decay contribute a considerable

amount to the background events.

Fast Simulation Z > uyu Samples

Due to the low statistics in the primary background sample in Z > ppu, fast generation relying
on Pythia8 and a smearing function for the detector effect has been used to emulate imperfect
resolution of the detector. Four of the superfast statistics as been used, each using a different
pdf set for the generator tuning. The nominal set uses the ATLAS A14 NNPDF2.3LO; the down
variation and up variation uses the variation tune parameters Var3C described in Ref [162]; whereas
the n variation uses ATLAS A15 NNPDF2.3 along with QCD and QED NLO. More details on the

fast simulation are given in Ref [176].

Table 8.2: The table shows the Monte Carlo background dataset used for the analysis.

MC Type | DSID Generator Used

7 > up 364100 - 364113 , 364198-364203 Fast Simulation through PYTHIA
Z>TT 364128 - 364141 , 364210-364215 Sherpa

tt 410472 Sherpa

Diboson 364253 - 364255 , 363355 - 363360 ; | Sherpa
363489 ; 364250 ; 364288 - 364290
Top decay | 410644 - 410645 , 410658 - 410659 ; | Powheg+Pythia8
410648 - 410649

W+ jetsuv | 364156 - 364169 Sherpa
bb 363833 Pythia8b
cc 363834 Pythia8h

In the analysis, studies on signal sensitivity found that muons of the MEDIUM working point
and the FixedCutPFlowLoose isolation working point (Defined in Chapter 5) will provide the
maximal muon performance and signal sensitivity. Two muons of at least 4 GeV in transverse
momentum and || < 2.5 are required for each event. An additional Pr > 14 GeV cut is applied to

events in the boosted channel.
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Figure 8.6: These plots shows the leading muon transverse momentum distribution and the sub-
leading muon transverse momentum distribution with the super fast simulation. The MC samples
here include Z > uu, Z > 77, tt, Diboson, top quark decay and bb and cé. the bottom pane shows
the data to MC ratio.

8.4.2 Dimuon Mass Spectrum Resolution

To define the binning of the dimuon mass distribution in the signal region, the dimuon mass
resolution is studied. The following study is performed on the Z > pu. Details on the procedure

can be found in Chapter 6 in Section 6.3.1.

Fit of a Gaussian pdf to the distributio of the difference between the true and reconstructed

dimuon resonance mass ( — My, Reco) is performed. From the fit, the width of the Gaussian

m:uﬁu‘T'ruth
is obtained, as shown in Figure 8.7. It is taken to be the detector resolution in the dimuon mass

distribution. The bin-by-bin resolution result is shown in Figure 8.8.
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Figure 8.7: Fit of a Gaussian pdf to the distribution of the difference between the true and recon-
structed dimuon resonance mass.
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Figure 8.8: The fit shown in Figure 8.7 is repeated in bins of the reconstructed dimuon resonance
mass. Shown is the fitted width in each bin, with statistical uncertainties. The width-to-mass
resolution oy, [m,,, is found to be close to 1.5%.

8.4.3 Binning Strategy

Using the resolution of the study from the last section and the mass distribution given in the
theoretical signal section, the overall binning is chosen to be 0.25 GeV, close to the resolution at
the center of the spectrum. The choice is made mostly due to uniform binning simplified the fitting
procedure considerably. The choice also ensures most of the signals searched for are at least 2 bins
wide to reduce the probability of capturing a signal from statistical fluctuation only seen in one
bin.
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8.5 Background Fitting with Gaussian Process

As the fully simulated ATLAS MC for the background processes listed in table 8.2 is neither
reliable in shape nor enough in the count. This is due to imperfect shower and hadronization
process modelling in the simulation, and a cap on the computing resource that can be spent on
MC full simulation on ATLAS. The effect can be seen in the data/mc comparison in Figure 8.6.
The background fitting of the dimuon analysis therefore relies on a data-driven approach. The
kernel hyper-parameter is studied on MC variations that aims to include all variation that may
be presented in data. Details on data-driven approaches for smooth background estimation is
presented in Section 6.4 of Chapter 6. The approach used by the dimuon analysis is the Gaussian
Process approach outlined in Section 6.4.3 of Chapter 6. Only details specific to the analysis and

results are described here.

8.5.1 The Kernel

In Gaussian Process, the mean function prediction and the covariance function on the prediction
variance are determined by the kernel function. The Gaussian Process background and signal

kernels used for this particular analysis method are given in Eq. 8.1 and Eq. 8.2.

e Background Kernel - “Radial Basis Function + White Noise Kernel”

I
Eaal

Kypg(z,2') = Ay % exp(— 5
207

) (8.1)

Here, A; is the amplitude hyperparameter that describes the size of the kernel, oy is the

lengthscale parameter.

e Signal Kernel - “Exponential Center Kernel + White Noise Kernel ”

K(x;,2;) = Ay - exp(—(z —m)?[(2- 03)) - exp(—((z' = m)*[(2- 03))) (8:2)

Here, A, is the amplitude of the signal kernel, m is the mass location of the signal peak, and oy is

the lengthscale of the signal kernel.

Test for the Background Kernel

Although there are noticeable difference between the data and MC, it is believed that the MC along

with its different tune variation could still give a good general understandning of what the data
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shape may look like at unblinding. Verification tests are performed to ensure the background MC

can be described by the background kernel. The procedure is described as the following:

To ensure the fit is not biased by the statistical fluctuation, the fit on the spectrum is compared
to the fits in the toy distributions. Toy distributions are created from drawing the Poissonian
distribution in each bin. 10,000 new toy distributions are formed. Each is fitted with the Gaussian
Process background kernel and test statistics defined in Section6.5.1 are calculated for each fit.
The p-value is calculated from that, by comparing the fit test statistics against the distribution
of the test statistic in pseudo-experiments which describe typical statistical fluctuation from the
background as described by simulated samples. (See Eq. 6.17). Results in Figure 8.9 that all three
test statistics tested the p-value is above 0.01 and that the kernel captures features in background

distribution well.
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Figure 8.9: These plots illustrate the test statistics of the fit on MC compared against the fit on
the pseudoexperiment from MC.

8.5.2 Hyperparameter Optimization

The detailed steps to the hyper-parameter optimization can be found in Section 6.4.3 of Chapter 6.
The lower bound on the lengthscale of the background kernel and the signal kernel are finalized
from the signal injection test result in Section 8.5.4 and Section 8.4.3 respectively. The other
hyper-parameters are allowed to float. They are optimized with the scaled conjugate gradient

algorithm.

In the dimuon analysis, the background kernel fits are performed on several distinct variation of
the fast simulation MC(See Section 8.4.1 to ensure the selected hyper-parameters and lengthscale
are flexible enough for the variation possibly present in the final data. Figure 8.10 shows fitting
results in the inclusive region of the MC using the background kernel listed in 8.4.1. The results
show that the lengthscale lower-bound chosen from the signal injection test is flexible enough to

provide accurate prediction to MC variations.
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Figure 8.10: These figures illustrates the Gaussian Process background kernel fit on the different
variation of fast simulation detailed in Section 8.4.1. The fit test statistics as well as the residual in
the bottom panel shows that the background kernel is able to capture features in the background
variation.

8.5.3 Background and Signal Estimation

Background estimation from the background kernel alone was not able to separate the background
from the signal to high efficiency. The final background and signal estimation are performed through
the following separation equations. The computed results is used for the limit setting where signal

strength is estimated. Figure 8.11 shows an example separation performed by the method.
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e Background Prediction

!
:U'bkg(x* |y) = HUbkg kernel(x* |y)+Kbkg kernel($* ) x)'Ksig+bkg kernel(xa T )'(y(x)_,ubkg kernel(x* |y))
(8.3)

e Signal Prediction
Msig(x* |y) = Ksig kernel(x*y m) : Ksig+bkg kernel(xa 1,") : (y($) — Ubkg kernel(x* |y)) (84)

Here, pu(z4|y) is the mean function posterior prediction of of point x4, given known data
point x and y, K is the kernel. u(x,) is the prior probability distribution mean. x is a vector

of the input mass point, and x’ are the same points in a 2d matrix.
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Figure 8.11: These figures shows the background estimation and the signal estimation separated a
sample MC generated from a Gaussian signal injected into the background. The signal reconstruc-
tion yield for this particular signal is up to 94%.

8.5.4 Background Prediction Performance Studies

The Gaussian Process background prediction went through testing suggested in the ATLAS smooth-
ing recommendation document [97]. to ensure the smooth background procedure is valid for reso-
nance searches. Two tests, the signal injection test and the spurious signal test are conducted to
ensure the background estimation is sensitive to signals above a certain size in comparison to the

backgroud error. The results are presented in the following subsection.
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Signal injection test

The aim of the signal injection test is to quantify the signal sensitivity of the background estimation
method. If the background estimation method can discriminate signal of at least 3 times the size
of the background estimation statistical uncertainty along the search region mass point, it passes
the test. The test is also used to select a lower bound on the lengthscale of the Gaussian Process
background kernel in Eq. 8.1. Only a lower bound lengthscale with the above mentioned sensitivity

is used for the analysis.

Details of the procedure of the signal injection test can be found in Ref [97]. Only results are
presented here. Results found that a minimum lengthscale of 4 GeV is needed for the background
kernel for the background model to be sensitive to signal of 3 o background estimation statistical

uncertainty in the 45-68 GeV range in the inclusive region.
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Figure 8.12: This figure illustrate a signal injection test performed on background MC a resonance
mass point 55GeV of 3% mass width. In the first panel. the red line shows the background MC +
signal injected divided by the background MC; the green and the blue line are the fit ratio of the
”just above” bumphunter window exclusion(when a window has a bumphunter p-value below 0.01),
and the ratio of the ”just below” trigger of the bumphunter fit versus the background MC. The
grey bands shows the width of the background estimation statistical uncertainty. Results shows
that the the fit is sensitive to signal < 3 ¢ of the background error in this mass point and width,
passing the signal injection test.
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Background Modelling

Using the minimal lengthscale chosen from the signal injection test from the above section and
allowing other hyperparameters to float, tests fits are performed on the nominal background MC
set, and also performed on the different statistical variation of the background, the 1 ¢ up and 1
o down variation of the fast simulation Pythia, as well as the n variation, defined in Section 8.4.1.
The fitting result shows that lengthscale chosen for Gaussian Process works well for all of these

statistical variations.
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Figure 8.13: These figure illustrates the fit on MC, along with the bumphunter test statistics and
the observed value distribution. It is shown that the most discrepant window does not fall below
the critical p-value of 0.01. Details on the bumphunting procedure can be found here.

8.5.5 Spurious signal test

The spurious signal test is a test that defines the background estimation uncertainty relative to
signal yield. Details are presented in Ref [97]. The test is considered passed if the signal extracted
versus the background estimation uncertainty ratio is < 0.5. The spurious signal test results on
the Gaussian Process are shown in Figure 8.14. Currently, work is ongoing to further reduce the

spurious signal.
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Figure 8.14: This figure illustrates the results of the spurious signal test on several variations of
the background model produced with simulated samples

8.6 Statistics Testing

Details on the statistical test can be found here in Section 6.5. As of the writing of this thesis, the

data have not yet been unblinded. MC studies were implemented to verify the procedure.

8.7 The Search

The search aims to either accept or reject the null hypothesis of only SM background exist in the
data. Details are listed in this Section 6.5.1. Here, examples demonstrating the what the result
may look like when data is the background MC; and when the data is the background MC and

additional signal is shown. This is a demonstration of the working pipeline of the statistical test.

An example of the search is implemented with just the background and no signal injected is shown
in Figure 8.15 and another result with an artificially injected signal is shown in 8.16. The tests are
performed as a demonstration of what the result of the unblinded data may look like if it is similar

to the background MC, or if an excess is present.

In the background only MC example, the loglikelihood, the XQ ,and the bumphunter test statistics

all have p-value above 0.01. No anomaly is found and the null hypothesis is accepted. In the
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background and signal example, the bumphunter test statistics all have p-value below 0.01. The

result indicate an excess could be present.
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Figure 8.15: These figures illustrate a statistical test on background only MC, the p-value is observed
to be way above the 0.01 cut off for anomaly. In this case the null hypothesis is accepted.

Another example of the search is implemented with the background with a toy signal of a Gaussian
shape that peaks at 50 GeV. The bumphunter test statistics have p-value below 0.01. The fit result

is presented in Figure 8.16. The null hypothesis is rejected.
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Figure 8.16: These figures illustrate a test performed on signal injected at 50 GeV, and the window
exclusion that picked out the signal injected in there.
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These demonstrations indicate that the statistical pipeline is functioning and ready to be applied

to collision data.

8.8 Limit Setting

In the dimuon analysis, the limit setting procedure is done through the Asimov approximation of
the frequentist limits described in Section 6.6. Preliminary limit setting based on Gaussian Process
is still currently under test. A limits calculated by approximation based on the fit function method

on background only MC are shown here in Figure 8.17.

g r Observed:
x 95% CL . upper limts
< Ys=13 TeV,139 fb "’ —o0,/M, =0.10
< —
* -
R Expected:
T Gup/Mup =0.10
1=
10 o e e
: 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
50 52 54 56 58 60 62 64
Mg [GeV]

Figure 8.17: This figure illustrate limits from the background MC.

8.9 Conclusion and Future Work

As per 2022-2-27, a presentation of the above result was discussed at the ATLAS statistics forum
and it was recommended that the analysis be reperformed with all the hyper-parameters fixed
from the fitting of different variations of fast simulations. Another outstanding items include the
implementation of the Gaussian Process test statistics into the frequentist limit setting statistical
framework. This will allow for direct calculation of the likelihood for the Asimov calculation. These

items are underway.
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Chapter 9

Future Resonances: The Unexplored

Landscape of Two-body Resonances

The possible ranks higher than the actual.
~Martin Heidegger

This chapter is heavily based on work previously published on [177] in collaboration with Nathaniel
Craig, Patrick Draper, Kyoungchul Kong and Daniel Whiteson.

9.1 Introduction

Searches for two-body decays of heavy resonances have a rich history of important discoveries,
from the J/v¢ to the Higgs boson. Such resonances can provide an unambiguous signature of a
localized invariant mass peak and offer simple background estimation from sidebands, allowing for
discovery without requiring full models of the signal or background processes. These experimental
features, combined with compelling theoretical arguments, motivate much of the current program

of resonance searches.

The theoretical arguments for new resonances mostly consist of simple generic extensions to the
Standard Model (e.g. a new U(1)) or modifications to the SM which address an outstanding
theoretical problem (e.g. Kaluza-Klein gravitons). To date, most of the experimental searches
have followed these theoretical arguments, leading to many searches for pairs of identical objects
(eg ee,up,jj) and in rarer cases for non-identical pairs (eg eu, ZW). However, the dramatic

scale of the open theoretical questions facing particle physics suggests that a correct theory of
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Nature may not be one of the models currently in fashion or under specific consideration. This
motivates an experimental program which is not narrowly focused on current models and the
signatures they suggest, but with a broad scope and systematic approach capable of theoretically
unanticipated discoveries. While there have been many proposals for model-independent search
programs at hadron colliders (such as the framework of on-shell effective theories [178]), they have
been largely motivated by specific theoretical frameworks, and consequently many holes remain in
the existing experimental program at the LHC. To make concrete progress, we propose a systematic
search for new particles decaying into n-body resonances. In the n = 2 case, this would consist of
searches for resonances in all pairs of objects, even those which have no theoretical motivation or

are theoretically disfavored.

The typical difficulty facing searches without specific theoretical motivation is the large number
of possible observables, which incurs a very large trials factor and greatly reduces the discovery
sensitivity. Here, rather than relying on theoretical guidance, we propose to restrict the vast space
of possible theories into those that align well with experimental strengths. We are interested in
covering the intermediate ground between the very specific and the very general search programs,
by focusing on well-defined topologies independent of specific theory considerations. This broad-
ens the search program beyond favored theories, but not so much so as to compromise discovery
potential. Given that the data exist and resonances are fairly easy to discover, we argue that the
two-particle spectra are worth directly examining. In many cases, there are indirect constraints on
such resonances from other experiments or subjective theoretical arguments, but there is no real

substitute for a direct search.

In this chapter, we lay out the details of the implementation of such a search program and survey
the existing experimental and theoretical landscape for exclusive n = 2-body resonances, leaving
n = 3+ (as well as inclusive n = 2 final states) for future work. We find that the majority of
2-body resonances have some indirect theoretical constraints but have received almost no experi-
mental attention, leaving most of the landscape unexplored and a large potential for unanticipated

discovery.

9.2 Scope & experimental searches

We consider resonances decaying to a basic set of identifiable light objects (charged leptons, photons,
light-quark jets, b-tagged jets) as well as heavy objects (top quarks, weak bosons, Higgs bosons)

which are routinely identified". In the case of n = 2 objects, this gives 55 unique pairs of exclusive

'One could imagine restricting the scope to light objects, categorizing the heavy objects as higher-level decays (eg
X - WW - 45 would be considered in the n = 4 category rather than X — WW as n = 2). This is equivalent, but
allows us to call attention to these typical objects rather than considering them as special mass cases of higher-level
decays.
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final states, see Table 9.1. Final states with higher number of objects have a larger number of

exclusive final states; we reserve these for future work.

We examined experimental searches from ATLAS and CMS in data collected from proton-proton
collisions with /s = 8 TeV. We consider exclusive final states only in terms of the pairs of identifiable
objects defined above. For example, in the ey category of this exclusive n = 2 survey, we consider
only searches for ey, of which there are none, and do not consider searches for e e 7, of which
there are several motivated by excited lepton models that give a resonance in ey. The final state
of e+e_'y would be covered by an n = 3 study, and extrapolation of those limits to the n = 2 ey

category requires theoretical assumptions about the production modes.

The survey of n = 2 final states is shown in Table 9.1, with the striking feature that most diagonal
entries have existing searches, where as most off-diagonal entries do not. In the case of the Higgs
boson in particular, there are several unexamined resonance categories. Note that the lack of
searches in these resonance categories is not for want of theory models. Examples of theories that

populate the entire landscape of 2-body resonances are shown in Table 9.2.

Even in cases where searches exist, there are often unexamined regions in the resonance mass.
Figures 9.1 and 9.2 show the strongest limits on the cross section times branching ratio as a

function of the resonance mass for all results which satisfy the requirements.

9.3 Theoretical constraints

Various theoretical constraints may be imposed on n-body resonances, which in turn influence the
likely production and decay modes at the LHC. In order to maintain the broadest possible scope, we
consider only the most stringent constraints imposed by gauge invariance and Lorentz invariance,
as experimental constraints on e.g. flavor violation depend on the details of the underlying model

and may in principle be evaded.

Gauge invariance and Lorentz invariance restrict the possible statistics and quantum numbers of
a resonance decaying to a specified 2-body final state. The statistics and possible SU(3). and
U(1)ey, numbers of 2-body resonances are enumerated according to their exclusive final state
in Table 9.3. Note that we enumerate only SU(3). X U(1)e, quantum numbers rather than
SU(3).xSU(2)r, xU(1)y quantum numbers, because a large number of SU(3). X SU(2), xU(1)y
representations may share the same exclusive final state provided additional insertions of the Higgs
vacuum expectation value. We also do not exhaustively list all possible SU(3). representations,
but for simplicity restrict our attention to states transforming in the fundamental or adjoint rep-
resentation; resonances transforming in other representations of SU(3), may have different pair

production cross sections but do not lead to significantly different signatures. While a fermionic
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resonance with Standard Model quantum numbers generally contributes to gauge anomalies, these
anomalies may be cancelled by additional particles that do not influence the collider signatures of

the resonance.

Gauge invariance and Lorentz invariance also dictate the structure of operators coupling a resonance
to Standard Model particles, and in many cases the couplings must arise via irrelevant operators.
For example, a resonance X decaying to tg cannot couple via a minimal gauge coupling X~" Gut,
but may couple via e.g. a chromoelectric dipole operator of the form X~ VGWt. In many cases,
more than one Lorentz structure is allowed for a given coupling. The various possible Lorentz
structures for each coupling have a modest impact on kinematic distributions for the production
and decay of each resonance (see e.g. [178]), but they do not alter the key feature of interest in this

work, namely a bump in the n-body invariant mass spectrum.

Note that these conclusions may be altered in the presence of significant interference effects, which
may lead to deficits or peak-dip structures in the invariant mass spectrum if the Standard Model
continuum interferes with the signal process. The existence and structure of interference effects
cannot be determined by quantum numbers alone, and depends additionally on both the Lorentz
structure and phases of couplings between the resonance and Standard Model states. However, in
the limit of weak coupling, interference between a narrow resonance and Standard Model continuum
backgrounds is negligible and may be neglected. To good approximation, as an expansion at weak
coupling, searches for n-body resonances may therefore be parameterized solely in terms of the

resonance mass, width, and production cross section times branching ratio.

Having specified the possible gauge quantum numbers of the 2-body resonance given the final state,
gauge invariance and Lorentz invariance provide a guide to the possible production modes at the

LHC. For each resonance there are three possibilities:

1. The particle can be resonantly produced either exclusively using its tree-level decay coupling
(as in, e.g., a resonance decaying to gq or gg); via loop-induced processes involving the decay
coupling (as in, e.g., gluon fusion production of a tf resonance); or via additional couplings to
quarks and gluons allowed by its quantum numbers. The presence of such additional couplings
may lead to additional theoretical constraints discussed below. Such resonant production

channels fall under the scope of the exclusive 2-body searches proposed here.

2. The particle can be produced via associated production exclusively using its decay couplings.
For example, a resonance X coupling to tW™ can be produced in the process qg — tqX using
only the XtW™ coupling and Standard Model gauge couplings. This assumes no additional
couplings to quarks and/or gluons. Such associated production channels fall under the scope

of n = 3 studies, with a feature in the appropriate 2-body invariant mass spectrum.

3. The particle can be pair produced using its gauge quantum numbers (e.g. Drell-Yan via elec-
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troweak quantum numbers). This process is kinematically suppressed for heavier resonances,
but may be appreciable if the gauge couplings are significantly larger than the decay cou-
plings. Such pair production channels fall under the scope of n = 4 studies, with features in

the appropriately-paired 2-body invariant mass spectra.

The possible production modes for each resonance are enumerated. In principle, a given resonance
may be produced in all three modes, with varying rates depending on the relative sizes of phase
space factors and production and decay couplings. In each case the final state contains a peak in
the appropriate 2-body invariant mass, but with varying amounts of additional event activity. In
this sense, the associated- and pair-production modes may not qualify for the n = 2 exclusive case

considered above, but serve as a useful foundation for future n > 2 studies.

There are several possible 2-body resonances for which resonant production is incompatible with
Standard Model gauge invariance, in the sense that the quantum numbers of the final state can-
not be produced by any initial state with appreciable parton density in proton-proton collisions.
Nonetheless, searches for these 2-body resonances at the LHC remain motivated by the possibility
of new physics that mimics a Standard Model final state in the LHC detectors (in the sense that,
e.g., a long-lived neutral particle decaying to electron-positron pairs might be reconstructed as a
photon). These states may also be produced in associated production with associated particles suf-
ficiently soft to still appear as an exclusive 2-body resonance, or may originate from n = 2 exclusive
final states with missing energy appearing in n = 2 exclusive searches. Such states may also be
resonantly produced at other colliders consistent with gauge invariance, such as in electron-proton
collisions at HERA.

Apart from gauge invariance and Lorentz invariance, less robust constraints may also apply. Many
such constraints arise only when the resonance possesses both its decay coupling and additional
couplings to quarks and/or gluons. Proton decay provides the strongest such constraint, as strong
bounds on the proton lifetime imply that the couplings of resonances inducing proton decay are
vanishingly small. In the case of 2-body resonances, resonances coupling to a single pair of Standard
Model particles will not induce proton decay, but proton decay may be induced by additional
couplings to quarks required for resonant production at the LHC. Resonances for which this occurs
are indicated in Table 9.3; in these cases it is reasonable to expect n = 2 resonant production rates

to be small.

Beyond proton decay, there are a variety of constraints on flavor violation, lepton number violation,
and other types of baryon number violation, but in practice even strong constraints may be avoided
by appropriate symmetries, textures, or fortuitous cancellations (as in e.g. maximal flavor violation

[179] or diquark-type interactions [180]). In these cases there is no substitute for a direct search.
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Figure 9.1: Existing limits on the cross section times branching ratio for resonances to various
2-body final states, as a function of the resonance mass. Top pane emphasizes hadronic final states,
bottom pane emphasizes photonic final states. References for searches can be found in Table 9.1.
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Figure 9.2: Existing limits on the cross section times branching ratio for resonances to various
2-body final states, as a function of the resonance mass. Top pane emphasizes leptonic final states,
center pane emphasizes bosonic final states, and the bottom pane emphasizes Higgs final states.

References for searches can be found in Table 9.1.
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Table 9.1: Existing two-body exclusive final state resonance searches at /s = 8 TeV. The @ symbol

indicates no existing search at the LHC.
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9.4 Discussion

The data from the LHC are extraordinarily valuable, in that its collection required an enormous
investment of financial and human resources and in its potential power to answer outstanding
questions of particle physics. However, once those resources are spent and the data are collected,
there remain difficult questions regarding how to use it. Experimental analysis of a given final state
requires limited human and financial resources, and every search increases field-wide trials factor,
making any local excess less globally significant. Therefore, it is necessarily the case that some
experimental territory will be left uncovered, and proposals for new experimental searches must

have a compelling argument.

Here we have argued that in addition to the usual stable of theoretically-motivated searches, a
set of experimentally-motivated searches should be conducted. We propose a set of exclusive 2-
body resonance searches, which naturally limits the number of final states and are well matched to
experimental capabilities. This is in contrast to the strategy of general searches, which attempt to
satisfy a broad set of theory motivations, but do not focus on experimental strengths and suffer a

very large trials factor.

The final states with matched objects have been examined, though there remain openings at low-
and high-mass regions. More significantly, we find that many of the mismatched pair final states

have had no attention, despite the existence of theoretical models and the absence of strong theo-
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Table 9.3: The possible QCD and EM quantum numbers of each 2-body resonance, indicated as
(QCD,EM). Alternate quantum number assignments are indicated in parentheses. Round (square)
brackets indicate a bosonic (fermionic) resonance. An * indicates that there is no possible initial
state for resonant production at the LHC. A ¢ (Q) indicates that this state would lead to AB =1
(AL = 1) processes if it possessed a resonant production mode at the LHC from additional couplings
to quarks or gluons.
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¢ (1,2)F (117 G 81 BT (B [1.0]" (11" [
7 (1,0) [1,-17%  (3,-26"/)°Y  [8,-1]"  (3,-2/3)°" (3, -5/3)* [1,-2]* [1,-11"  [1,-17*
Y [171]* (170) [351(72)/3] (870) [371/3] [37_2/3] (17_1) (150) (170)
q (3,1(4)/3)0v [3,1-2)/3] (8,-1(-4)/3) [3,1(-2)/3] (3,-1(2)/3) (3,-1-9)3)  [3,-2(-5")/3] [3,1(-2)/3] [3,1-2)/3]
g (3,260/)°%° [3,-12))35] (1(8),0(=1)) [3,-1/s] (1(8),0(=1)) (1(8),0(-1)) [8,-1(-4")/s] [3,-1)/3] [3,-1(2)/3]
g [8,1]" (8,0) [3,1(-2)/3] (1(8),0) [3,1/3] [3, -2/3] (8,-1) (8,0) (8,0)
b [3,1/5] (3,-12)/3) [3,1/5] (3,2/3) (8,-1/3) [3,-2/5] [3,1/5] [3,1/5]
b (1(8),0(-1))  [3,-Y/s] (1(8),0) (1(8),-1) [3.—4/s]"  [3,-Ys]  [3.-1/3]
t [3,-2/3] (8,-1/3) (8, -4/3) [3,-531"  [3,-2/s] [3,-2%s]
t (1(8),1) (1(8),0) [3,-1/3] [3,2/3] [3,2/3]
w* [3,-5/3]" (1,-2)* (1,-1) (1,-1)
W (1,0) (1,1) (1,1)
Z (1,0) (1,0)
h (1,0)

retical constraints.
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Chapter 10

Concluding Words: Anomalous

Resonance as a Question

Particle physics has come a long way since its early days. Since the discovery of the Higgs Boson
in 2012, the Standard Model is considered completed. But human’s quest to understand funda-
mental physics is far from over. Many existing issues in Standard Model points to a picture out
there unknown, yet to be understood. This evidence, especially those concerning Dark Matter,
drove the resonance search analyses presented in Chapter 7 and Chapter 8. However, as a highly
distinguishable signature, resonances hunting offers much more than a tool to hunt for a specific
candidate. In the age where most exotic and SUSY searches returned empty results, what ought
to concern physicists regarding data is no longer merely what can be searched for, but also what
can be asked: what questions can be asked of data for them to reveal to us what we do not know?
This chapter summarizes some directions that can be taken in the resonance hunting regime for

future studies.

10.1 Unexplored Landscape of the Two Body Resonances

Chapter 9 explored uncovered two-body final states in resonance hunting in detail. The paper has
since been superseded by newer results [215]. The surveys offer an overview of all two-body final
states that are left unsearched for in collider physics that could provide a wealth of sources for

possible places to look for new physics signatures.
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10.2 Gaussian Process as a Background Modeling Method

The Gaussian Process-based background estimation method is currently being finalized in ATLAS
with the dimuon analysis in Chapter 8. It provides a more flexible method better suited for high
luminosity for smooth background modeling for other resonance hunting analyses where MC is
limited. The method offers the advantage of being generalizable for any final state with a smooth
background estimation in the signal region. The method will be applicable to many other future

analyses.

10.3 Data Scouting

Due to limited bandwidth, the trigger described in Chapter 8 set a lower bound in the mass of the
resonance that could be searched for. Searching for a signal with initial state radiation mitigates
this but it also results in a lowered sensitivity to the signal. Data scouting is a method proposed to
create a special triggering stream and object to mitigate the limit triggering bandwidth by storing
only partial events. Only information directly related to the analysis will be stored. Currently, the
dimuon data scouting analysis is under study in ATLAS and will be a future area with promising

improved sensitivity.

10.4 Anomaly Detection for Resonances with Machine Learning
Method

The concept of “model-independent” searches is not unfamiliar to LHC. Searches for new particles
often include model-independent results in the form of excesses beyond certain statistical signif-
icance LHC also has its dedicated general search [216]. However, these current approaches are
not truly model-independent: they are either signal model-dependent in the sensitivity optimal
kinematic cut for targeted search or LHC background dependent in the general search. Search sen-
sitivity is greatly diminished if the anomaly is not as predicted by the signal or background models.
An improved method will instead teach data to perform optimal selection on its own based only on
the anomaly observed in data. One recent proposal is the weakly supervised Classification Without
Labels (CWoLa) hunting method [217]. This technique discards the usual supervised Signal-over-
background (S/B) kinematic strategy, where the optimal selection is made based on the maximal
S/B ratio of a specific model combination. In utilizing CWoLa for resonance hunting, the bump-like
signal produces a signal-rich center-band and signal-deprived side-bands optimal for optimal sensi-
tivity kinematic cuts training. If a new particle is embedded in the dataset, CWolLa training will

produce a selection cut that maximizes events in the central-band-bump without any underlying
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S/B model assumptions. The data is made to reveal surprising anomalies on its own from the data
alone. The existing two-quark final state resonance CWoLa search [218] to other final states includ-
ing muons, photons, and other uncovered resonance signatures. While the dijet analysis has proven
the feasibility of the method in ATLAS, many detailed technical aspects, further generalizations,
and expansions into larger feature spaces must still be performed. The new analyses on muon and
photon final states will go beyond the predecessor by focusing the training on additional features
including the jet substructure of the ISR jet. More complicated signal topologies, where the pri-
mary resonant decay object can be composite, can also be explored using simpler muon/photon
final state objects. The CWolLa model-independent searches will serve as complementary additions
to current physics analyses’ model-dependent and independent search methods, and it will push

sensitivity into new regions with attuned understanding driven by the data itself.
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