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Abstract

The greatest triumph of the Standard Model (SM) of particle physics over the past

half century is the discovery of the Higgs boson by the ATLAS and CMS experiments at

the Large Hadron Collider (LHC) in 2012 during the Run 1 program. The Higgs boson,

predicted in the early 1960s, is the cornerstone of the SM. All the massive elementary

particles acquire masses through the interactions with it. Different from the gauge field

couplings, the Higgs couplings to different particles are dependent on their masses. After

the discovery of the Higgs boson, one of the highest priorities of the LHC experiments is to

measure its properties, particularly its non-uniform couplings. The Higgs signal strength

together with its couplings measured in the bosonic decay channels (WW and ZZ) have

already achieved precision better than 15%. Observation of the Higgs decaying into

fermion pairs is much harder due to larger background or smaller branching ratio (Br).

During the Run 2 program (started in 2015) at the LHC operated with center-of-mass

energy
√
s =13 TeV, the Higgs decaying into the third generation of fermion pairs, τ τ̄

and bb̄, has been observed. But the Higgs boson decaying into the second generation of

lighter fermions has not shown any evidence in the experiments at the LHC.

This dissertation will present a search for the SM Higgs boson decaying into the

dimuon final state. H → µµ is a rare decay process but also a unique and relatively

clean channel to study the Yukawa coupling between the Higgs boson and the second

generation of fermions. However, the Br of H → µµ is only ∼0.02%, and the irreducible

dimuon event rate from the Drall-Yan process is three orders of magnitude higher. To

improve the detection sensitivity, the multivariate analysis (MVA) method is incorporated

for the first time in the H → µµ search program. The output of the MVA, the Boosted

Decision Trees (BDT) score, is used as the discriminant for event categorization to tag

the H → µµ event produced in the Vector-Boson Fusion (VBF) process. Using data

collected by the ATLAS experiment in 2015 and 2016, corresponding to an integrated

luminosity of 36.1 fb−1, a much more sensitive upper limit on the Higgs boson production

cross section times Br(H → µµ) is set to be 3.0 times the SM prediction at 95% confidence

level (CL) for the Higgs mass of 125 GeV. This result has been improved by a factor of

more than two comparing with the previous Run 1 result.

Despite its great success in providing experimental predictions for the particles and

describing their interactions, the SM is not considered as the ultimate theory. Since many

mysteries observed in the universe, such as dark matter and dark energy, cannot be ex-

plained by the SM. Therefore, searching for new physics beyond the SM (BSM) becomes



a strong scientific driver for the LHC experiments. The second part of this dissertation

will present studies of searching for new phenomena in high-mass scale with the dilepton

final states, µ+µ− and e+e−. The dilepton final states provide clean and robust signa-

tures with relatively better-understood background to explore the new phenomena in the

high-mass regime. The invariant mass spectra of the dilepton final states are used as

the discriminants to search for resonance or broad excess as new physics signature. No

deviation from the SM prediction is observed with 36.1 fb−1 data. Much more stringent

limits have been set on the parameters of interest for various models comparing with the

Run 1 results. For new gauge bosons, Z ′SSM , Z ′χ and Z ′ψ predicted in extended gauge

theory models, the observed lower limits on mass have been set to be 4.5 TeV, 4.1 TeV

and 3.8 TeV at 95% CL, respectively. While for the Contact Interactions, the observed

lower limits on the corresponding energy scale Λ are set between 24 TeV and 40 TeV

depending on the different scenarios.
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Chapter 1

Introduction

This dissertation presents the research work in the field of particle physics at the

energy frontier, the Large Hadron Collider (LHC), with the ATLAS detector. Particle

physics is pursuing the mysteries of the basic construction of matter and the fundamental

forces at the smallest scale accessible. Based on modern quantum mechanics, the wave

length of the particle is inversely proportional to the particle momentum. Therefore, a

smaller distance is corresponding to a higher energy.

What’s the fundamental building blocks of matter? This is an old and classical

question that human beings tried to answer since a long time ago. The Chinese ancestors

believed that matter is built from the combination of five basic elements: wood, fire,

earth, metal and water. While the ancient Greek philosophers Leucippus, Democritus,

and Epicurus brought up a philosophical idea around the 6th century BC that everything

is composed of “uncuttable” elementary particles. These early ideas were all originating

from the philosophical reasoning rather than based on the experimentation as the modern

physics science.

Until the 19th century, John Dalton, an English chemist and physicist proposed

that elements were composed of a fundamental particle based on his research on stoi-

chiometry. Dalton named this particle “atom” after the Greek word atomos, with the

meaning of “indivisible” [1]. However this Dalton’s atom theory was strongly challenged

later. In 1897, J.J. Thomson discovered an even smaller subatomic particle: electron [2],

and after that in 1909 its charge was precisely measured through the famous “oil drop

experiment” [3]. As a result, electron becomes the first elementary building block ever

discovered. Then by the early 20th century, physicists found out that each atom con-

tains a nucleus with positive charge and majority of its mass concentrated, which was
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deducted from the remarkable Rutherford gold foil experiment [4]. Then in 1913 Niels

Bohr proposed the Bohr model [5, 6, 7], stating that electrons in atoms can only move

in nucleus certain orbits without electromagnetic radiation, and energy change can only

happen for the cases when electrons jump from one allowed orbit to another. In 1918,

the hydrogen nucleus was confirmed as a particle with a positive charge and named as

proton by Rutherford [8]. Later in 1932, James Chadwick discovered another constituent

of nucleus, neutron, a neutrally-charged twin to proton [9]. Up to then, people were

finally convinced that nucleus are composed of protons and neutrons. In 1936, another

elementary particle “muon” was discovered by Carl D. Anderson [10].

Throughout the 1950s and 1960s, particle accelerators were invented for the particle

physics researches. With the beam collision or beam-target experiments, a large variety

of particles (“hadrons”) were discovered, which were referred to as the“particle zoo”.

To classify these particles, in 1964 Murray Gell-Mann and George Zweig independently

proposed the quark model [11, 12]. Later in the 1970s, a gauge theory was developed to

describe the strong interactions, known as quantum chromodynamics (QCD) [13, 14, 15].

The theory on the electromagnetic and weak interactions were developed prior to the birth

of QCD. In 1961, Sheldon Glashow brought up the unified electroweak (EW) theory to

combine these two interactions [16]. Later in 1964, Robert Brout, Francois Englert and

Peter Higgs from three independent groups proposed the Higgs mechanism [17, 18, 19, 20]

to explain the generation of masses of the vector bosons W and Z, which are the weak

interaction force carriers, through electroweak symmetry breaking (EWSB). Then in 1967,

this Higgs mechanism was incorporated into the Glashow’s theory by Steven Weinberg

and Abdus Salam [21, 22], which gave the final formulation of the EW theory. Together

with QCD, they formed the foundation of the well-known Standard Model (SM) theory,

which describes three of the four fundamental forces existing in our universe: strong,

electromagnetic, and weak interactions. The gravity is not included in the SM since it is

too weak and irrelevant to sub-atomic physics.

Since developed in the 1970s, the SM has been well tested by various experiments.

In addition to the known electromagnetic force carrier γ, all the other predicted force

carriers have been discovered: in 1979, through three-jet events the strong interaction

carrier gluon was observed indirectly at DESY [23]; and in 1983 weak gauge bosons W

and Z were discovered at CERN by Carlo Rubbia and Simon van der Meer [24, 25]. The

last matter particle, the heaviest quark “top”, was discovered at Fermilab in 1995 [26].

By the end of the 20th century, the only missing particle in the SM was the Higgs boson.
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Moving into the 21th century, physicists have successfully carried out a magnifi-

cent project: the LHC at CERN, which becomes the largest and most powerful collider

ever built. The LHC opens a new era for the particle physics and provides plenty of

opportunities for people to explore the less-known or un-known fields. On July 4th 2012,

the discovery of Higgs boson was announced by the ATLAS and CMS collaborations at

CERN [27, 28]. This landmark discovery solved the last missing piece of the SM. The

Nobel Prize in Physics 2013 was awarded jointly to Peter Higgs and Francois Englert

“for the theoretical discovery of a mechanism that contributes to our understanding of

the origin of mass of subatomic particles, and which recently was confirmed through the

discovery of the predicted fundamental particles, by the ATLAS and CMS experiments

at CERN’s Large Hadron Collider”.

After the Higgs discovery during the LHC Run 1 program, one of the major missions

of the experiments for the LHC Run 2 is to deeply explore the SM Higgs sector by

measuring the Higgs couplings with high precision and searching for its rare decay modes.

Dimuon decays from the SM Higgs boson can provide clean signature to measure a new

type of Yukawa coupling to the second generation of fermions, which is crucial for the

Higgs property study. In the SM, the predicted branching fraction for the Higgs boson

decaying into dimuon is 2.18× 10−4 for mH = 125 GeV. And any deviations observed in

experiments from this prediction could be a sign of new physics. A search for the SM

H → µµ process was carried out by the ATLAS collaboration using the data collected

at the LHC Run 1, corresponding to a total integrated luminosity of 24.8 fb−1 [29]. For

mH = 125 GeV, the observed (expected) upper limit on signal strength was set to be

7.1 (7.2) times the SM prediction at 95% confidence level (CL). The CMS collaboration

performed this search as well at the Run 1, and set similar limit results [30]. After two

years’ long shutdown, the LHC re-started the Run 2 collisions at a center-of-mass energy
√
s = 13 TeV in June 2015. The data collected by the ATLAS detector in 2015 and 2016

is corresponding to a total integrated luminosity of 36.1 fb−1, which is used to search for

the SM H → µµ process as one major aspect of this dissertation. The corresponding

results have already been published in the journal [31].

Another major mission of the LHC experiments is to search for new physics beyond

the SM (BSM) at the highest energies. It is commonly believed that the SM is not an

ultimate theory for the particle physics since there are important physics questions that

cannot be answered by the SM. Such as it cannot explain the baryon asymmetry, dark

matter, and dark energy observed in the universe. Also, the SM does not incorporate

the gravity in its framework, and it cannot explain the different mass scales of three
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generations of quarks and leptons. Therefore various BSM theoretical models have been

developed to address the unanswered questions of the SM, such as super-symmetry mod-

els, the Sequential Standard Model (SSM), and Grand Unified theory (GUT). All these

models predict a new neutral gauge boson Z ′ which can manifest as a narrow resonance

via decaying into dileptons. In addition to the new resonance predictions, some BSM

models describe a new interaction which can be explored at a lower energy scale. Such

kind of interaction can represent a Contact Interaction (CI) between the initial quarks

and final-state leptons. During the Run 1, the searches for Z ′ and CI were carried out by

the ATLAS collaboration using 20.3 fb−1 of data [32, 33]. The lower limit on the Z ′SSM

mass was set to be 2.90 TeV at 95% CL. And the most stringent lower limits on the CI

energy scale, Λ, were set at 21.6 TeV and 17.2 TeV for constructive and destructive inter-

ference respectively. The CMS collaboration reported similar results based on the Run 1

data as well [34]. Another major research work that will be presented in this dissertation

is searching for new phenomena with the dilepton final state using the data (36.1 fb−1)

recorded during the first two years of Run 2. The corresponding results from this work

have also been published in the journal [35].

This dissertation’s contents are organized in the following ways. Chapter 2 briefly

introduces the SM, BSM models related to this dissertation, and the LHC phenomenology.

Chapter 3 gives an overview of the LHC and the ATLAS detector. The detector simulation

and object reconstruction at the ATLAS experiment are described in Chapter 4. Chapter

5 presents the search for the SM Higgs boson decaying into dimuon. And the search for

new high-mass phenomena with the dilepton final state is presented in Chapter 6. In the

end, the summary and outlook are given in Chapter 7.
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Chapter 2

Theory

2.1 The Standard Model of particle physics

The SM represents our current understanding of particle physics in describing the

elementary particles and their interactions. It is a quantum field theory, developed since

the 1960s based on gauge invariance which naturally introduces interactions, as well

as the Higgs mechanism, which breaks the gauge symmetry to generate masses to the

weak force carriers (W and Z). The SM provides an elegant theoretical framework con-

structed with symmetry groups SU(3)C × SU(2)L × U(1)Y , where the SU(3)C group

represents the strong interactions with subscript C denoting the color charge, while the

SU(2)L×U(1)Y groups describe the electroweak interactions with L and Y denoting the

left-handed fermions and weak hypercharge, respectively. Over the past four decades, the

SM predictions have been successfully examined through various experiments with high

degrees of precision.

2.1.1 Elementary particles in the Standard Model

The elementary particles in the SM are classified into three generations of fermions

(spin-1
2
), vector bosons (spin-1 force carriers), and a scalar (spin-0 Higgs boson), as shown

in Figure 2.1.

The fermions include three generations of left-handed lepton doublets: electron (e)

and electron neutrino (νe); muon (µ) and muon neutrino (νµ); tau (τ) and tau neu-

trino (ντ ). Besides there are three generations of left-handed quark doublets: up (u) and

5



Chapter 2. Theory

Figure 2.1: The elementary particles of the Standard Model (Wikipedia).

down (d); charm (c) and strange (s); top (t) and bottom (b). The leptons e, µ and τ carry

electric charge of -1 (in the unit of elementary charge e), while the neutrinos νe, νµ and ντ

are electrically neutral. All these leptons can participate in electroweak interactions. For

the quarks, u, c and t carry electric charge of 2/3, while d, s and b carry electric charge of

-1/3. Besides the electric charge, quarks also carry color charges, thus they can interact

via the strong interaction as well. As a result, quarks can participate in all the three

types of interactions described in the SM. The quarks can be strongly bound together

to form color-neutral composite particles: hadrons, which either contain a quark and an

antiquark (mesons) or three quarks (baryons).

For the boson category of the SM, there are three types of gauge bosons with the

spin of 1, among which there are 8 massless gluons (g) as the strong force carriers, and a

massless photon (γ) as the electromagnetic force carrier, while the Z and the W± bosons

are massive (91.2 GeV and 80.4 GeV respectively) as the weak force carriers. In the

SM, electromagnetic and weak interactions are unified as the electroweak interactions.

Figure 2.2 depicts the corresponding forces mediated by these gauge bosons in the SM.

Besides the gauge bosons, there is another massive elementary scalar particle: the

Higgs boson which is crucial for explaining the origin of masses of massive gauge bosons

6
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Figure 2.2: The SM interactions mediated by gauge bosons (Wikipedia). The solid
straight lines represent the fermions (e.g. u, d, e, µ...), while the wave lines denote

electroweak bosons (i.e. W , Z and γ), and the loops lines stand for the gluons.

and fermions. According to the most precise ATLAS and CMS combined measurement

using the LHC Run 1 dataset, the mass of the Higgs boson is 125.09 ± 0.24 GeV [36].

2.1.2 Theoretical formalism of the Standard Model

The Lagrangian of the SM, which describes the interactions of the elementary par-

ticles, can be written as

LSM = LEW + LQCD (2.1)

where LEW is the term from unified electroweak theory and LQCD represents the quantum

chromodynamics (QCD) term. Further deductions of LEW and LQCD are described in

the following contents.

7
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Chapter 2. Theory

The QCD term LQCD [37] can be written as:

LQCD = ψ̄iq(iγ
µ)(Dµ)ijψ

j
q −mqψ̄

i
qψqi −

1

4
F a
µνF

aµν . (2.2)

For this equation, ψiq represents a quark field with i denoting color index, ψq = (ψqR, ψqG, ψqB)T ,

and γµ is a Dirac matrix which depicts the vector nature of the strong interaction with µ

representing a Lorentz vector index. The term mq accounts for the possibility of non-zero

quark mass, which is induced by the Higgs mechanism (more details in the next Subsec-

tion 2.1.3). F a
µν denotes the gluon field strength tensor for a gluon with color index a (in

the adjoint representation, a ∈[1, 2, ..., 8]). And Dµ, which is the covariant derivative in

QCD, can be written into the formula below

(Dµ)ij = δij∂µ − igstaijAaµ, (2.3)

with gs denoting the strong coupling parameter which can be expressed in the relation

with αs: g
2
s = 4παs. t

a
ij term is proportional to the hermitian and traceless Gell-Mann

matrices of SU(3)C , while Aaµ is the gluon field with color index a.

The LEW term of Equation 2.1 is based on SU(2)L×U(1)Y gauge symmetry group,

which can be further written into a combination of four terms as below [38]

LEW = Lgauge + Lfermion + LHiggs + LY ukawa. (2.4)

For Equation 2.4, Lgauge is the gauge part, which can be expressed as

Lgauge = −1

4
W i
µνW

µνi − 1

4
BµνB

µν , (2.5)

where W i
µ (i = 1, 2, 3) and Bµ represent SU(2)L and U(1)Y gauge fields respectively,

with the corresponding field strength tensors given by

Bµν = ∂µBν − ∂νBµ

W i
µν = ∂µW

i
ν − ∂νW i

µ − gεijkW j
µW

k
ν , (2.6)

and here g is the coupling strength to the SU(2)L gauge coupling and εijk is defined

as the total antisymmetric tensor. The gauge Lagrangian has three and four-point self

interaction of the W i fields, from which the triple and quartic gauge boson couplings

arise.

8
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The gauge covariant derivative Dµ is defined as:

Dµ = ∂µ + ig
τ i

2
W i
µ + ig′

Y

2
Bµ, (2.7)

where Y represents the U(1) charge and τ i are the Pauli matrices. g′ is the U(1) gauge

coupling. The square of the covariant derivative leads to three and four-point interactions

between the gauge and scalar fields. Then we can write the fermion term of Equation 2.4

as:

Lfermion =
F∑

m=1

(q̄0
mLiγµDµq

0
mL + l̄0mLiγµDµl

0
mL + ū0

mRiγµDµu
0
mR+

d̄0
mRiγµDµd

0
mR + ē0

mRiγµDµe
0
mR),

(2.8)

where m is the family index, and F is the number of families for fermions. The sub-

scripts L (R) stand for the left (right) chiral projections of the fermion field ψ: ψL(R) ≡
(1 ∓ γ5)ψ/2. The left-handed quarks (q0

mL) and leptons (l0mL) transform as SU(2) dou-

blets, which can be expressed as the following terms in Equation 2.9 and Equation 2.10.

The other right-handed fields u0
mR, d0

mR and e−0
mR are SU(2) singlets, representing the

right-handed u, d and e respectively. The superscripts 0 in the terms denotes weak

eigenstates (i.e. fields transforming according to definite SU(2) representations).

q0
mL =

(
u0
m

d0
m

)
L

(2.9)

l0mL =

(
ν0
m

e−,0m

)
L

(2.10)

Then for the Higgs term of LEW , it can be written into:

LHiggs = (Dµφ)†Dµφ− V (φ), (2.11)

and here φ =

(
φ+

φ0

)
is a complex Higgs scalar, which is a doublet under SU(2) with U(1)

charge yφ = +1
2
. V (φ) term is the Higgs potential. The combination of SU(2)L × U(1)Y

invariance and renormalizability restricts V into the form as below:

V (φ) = +µ2φ†φ+ λ(φ†φ)2. (2.12)

9
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When µ2 is less than 0, the spontaneous symmetry breaking (more details in Subsec-

tion 2.1.3) happens. λ term represents a quartic self-interaction between the scalar fields

and λ > 0 is the necessary condition of vacuum stability.

The last piece of LEW is the Yukawa term, which is shown as below

LY ukawa = −
F∑

m,n=1

[Γumnq̄
0
mLφ̃u

0
nR + Γdmnq̄

0
mLφd

0
nR

+ Γemnl̄
0
mnφe

0
nR] + h.c..

(2.13)

and here the Γmn matrices are used to describe the Yukawa couplings between the single

Higgs doublet (φ) and the various flavors of quarks and leptons (m and n). The LY ukawa
is associated with the Higgs mechanism, which will be discussed in the next subsection.

2.1.3 The Higgs mechanism

Initially in the SM, the gauge invariance does not allow mass terms for the gauge

bosons and fermions, which are not consistent with the experimental observations. Thus,

the Higgs field as described in the previous subsection is introduced to trigger the elec-

troweak symmetry breaking (EWSB) in vacuum, and as a result the W , Z bosons and

fermions interact with the Higgs field to acquire masses. In the SM, this specific process

for the generation of gauge bosons’ masses through EWSB is named “Higgs Mechanism”.

The Higgs field φ is a doublet in the SU(2) space and can be written in a Hermitian

basis as

φ =
1√
2

(
φ1 − iφ2

φ3 − iφ4

)
, (2.14)

where φi = φ†i denotes four Hermitian fields. In this new basis, the Higgs potential term

of Equation 2.11 can be expressed as

V (φ) = +µ2φ†φ+ λ(φ†φ)2 =
1

2
µ2

(
4∑
i=1

φ2
i

)
+

1

4
λ

(
4∑
i=1

φ2
i

)2

, (2.15)

where µ is a mass-dependent parameter and λ term represents the quartic Higgs scalar

coupling. This Higgs potential V (φ) is minimized for any φi that satisfies 〈0|φi|0〉 =

(−µ2/λ)
1/2

. To simplify the situation but without losing generality, the axis in this four-

dimensional space is chosen to make 〈0|φi|0〉 = 0, i = 1, 2, 4 and 〈0|φ3|0〉 = ν. As a result,

10
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Equation 2.15 can be re-written into

V (φ)→ V (v) =
1

2
µ2ν2 +

1

4
λν4. (2.16)

Then the minimization of this potential is dependent on the sign of µ2. As depicted

in Figure 2.3, for µ2 > 0 case (left plot in Figure 2.3), the minimization can be acquired

at ν = 0, which means that the vacuum is empty space and SU(2)L×U(1)Y is not broken

through this minimization. A more exciting scenario happens for µ2 < 0 (right plot in

Figure 2.3). Under this situation the minimum occurs when ν equals
√
−µ2

λ
, and the

SU(2)L × U(1)Y symmetry is broken spontaneously. Therefore, the vacuum φ0 of Higgs

Figure 2.3: The Higgs potential V (φ) for µ2 > 0 (left) and µ2 < 0 (right).

field can be expressed as

φ0 =
1√
2

(
0

ν

)
. (2.17)

Furthermore, the Higgs field can be expanded around the vacuum as

φ =
1√
2

(
0

ν +H

)
, (2.18)

where H is a Hermitian field, representing the physical Higgs scalar. Then the scalar

covariant kinetic energy term of Equation 2.11 can be re-written into

(Dµφ)†Dµφ =
1

2

(
0 ν

)
[
g

2
τ iW i

µ +
g′

2
Bµ]2

(
0

ν

)
+H terms. (2.19)

11
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By using τ i = σi/2, we can evaluate the matrix product and further express Equation 2.19

into

(Dµφ)†Dµφ =
1

2

ν2

4
[g2(W 1

µ)2 + g2(W 2
µ)2 + (−gW 3

µ + g′Bµ)2] (2.20)

Then the three massive vector bosons can be notated as the following equations

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ),

Zµ =
1√

g2 + g′2
(gW 3

µ − g′Bµ),
(2.21)

which correspond to the W± and Z gauge bosons. The fourth vector field, which is

orthogonal to Zµ and corresponding to the photon:

Aµ =
1√

g2 + g′2
(g′W 3

µ + gBµ). (2.22)

After substitution by using Equation 2.21 and 2.22, we can re-write the LHiggs into:

LHiggs = (Dµφ)†Dµφ− V (φ)

= m2
WW

µ+W−
µ

(
1 +

H

ν

)2

+
1

2
m2
ZZ

µZµ

(
1 +

H

ν

)2

+
1

2
(∂µH)2 − V (φ).

(2.23)

Here mW and mZ denote the W and Z boson masses after the EWSB, which are ex-

pressed in Equation 2.24, while the photon remains massless. It also describes the

triple (W+W−H and ZZH) and quartic (W+W−H2 and ZZH2) interactions between

the W/Z boson and Higgs boson, which are shown in the left and middle plots of the first

two rows in Figure 2.4. And such kind of gauge coupling is proportional to the mass of

the gauge boson squared.

mW = g
ν

2
,

mZ =
√
g2 + g′2 · ν

2
,

(2.24)

Further a weak mixing angle θW can be defined by

cosθW =
g√

g2 + g′2
, sinθW =

g′√
g2 + g′2

, tanθW =
g′

g
. (2.25)
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Figure 2.4: Higgs interaction vertices in the SM. The wave line represents the W or
Z boson; the dashed line represents the Higgs boson; while the solid line represents the

fermion.

Then the mW and mZ can be written into a relation with θW as

mW = cosθW ·mZ (2.26)

After the symmetry breaking, the Higgs potential term in the unitary gauge can be

written into

V (φ) = −µ
4

4λ
− µ2H2 + λνH3 +

λ

4
H4. (2.27)

Here the first term is a constant while the second term denotes the mass of the Higgs

boson (tree-level):

mH =
√
−2µ2 =

√
2λ · ν. (2.28)

The third and fourth terms denote the triple and quartic interactions of the Higgs scalar,

as shown in the bottom two plots in Figure 2.4. λ specifies the quartic Higgs coupling

which is not predicted in the SM.

Similarly, through the Higgs mechanism, the fermions can acquire their own masses.

The Yukawa interaction term LY ukawa in the unitary gauge can be written into:

LY ukawa = −(
F∑

m,n=1

ū0
mLΓumn(

ν +H√
2

)u0
mR + (d, e) terms) + h.c.

= −(ū0
L(Mu + huH)u0

R + (d, e) terms) + h.c.,

(2.29)
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where u0
L = (u0

1Lu
0
2L...u

0
FL)T denotes an F−component column vector and u0

R has a similar

definition. Mµ = Γumnν/
√

2, which is an F × F fermion mass matrix induced by the

EWSB. hu = Mu/ν = gMu/2mW is the Yukawa coupling matrix. Then in terms of the

mass eigenstate fermions, the Yukawa term can be further written as:

LY ukawa = −
∑
i

miψ̄iψi(1 +
g

2mW

H) = −
∑
i

miψ̄iψi(1 +
H

ν
), (2.30)

where ψi and mi represent the field and mass for the ith fermion respectively. Then we

can define a parameter gYi , denoting the Yukawa coupling between the Higgs boson and

the ith fermion, as:

gYi =
gmi

2mW

, (2.31)

which shows that this Yukawa coupling is proportional to the mass of the corresponding

fermion.

2.2 The Related Theories Beyond the Standard Model

As described in Section 1, although the SM can successfully explain most of the

current particles and phenomena, it’s still not a perfect theoretical framework. Various

theories Beyond the SM (BSM) have been predicted. Using the dilepton final states

is one of the methodologies to explore the new BSM phenomena, since its experimental

signature is rather simple, which can be fully reconstructed with relatively high acceptance

efficiencies. This subsection briefly introduces several BSM theories related to the new

phenomena decaying into dilepton final states.

2.2.1 Sequential Standard Model

Several BSM theories predict the existence of a neutral heavy gauge boson: Z ′.

As the benchmark, the Sequential Standard Model (SSM) [39] predicts that Z ′ boson

has the same couplings to fermions as the SM Z boson. The Z ′SSM has a width of

approximately 3% of its mass. In the context of gauge theories, the Z ′SSM is not existing.

It is only expected when Z ′SSM has different couplings to the exotic fermions, or its

existence is an excited state of the Z boson in models with extra dimensions at the weak

scale. Nevertheless, the Z ′SSM plays an important role as a useful reference case when

comparing constraints from various sources.
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2.2.2 E6−motivated Z ′ models

Besides the SSM theory, a more theoretically-motivated (by the Grand Unification

Theories) is the E6 based model [40]. In this model, E6 gauge group is first broken into

SO(10) × U(1)ψ, and SO(10) is further broken into SU(5) × U(1)χ. The existences of

U(1)ψ and U(1)χ symmetries predict two additional gauge bosons Z ′ψ and Z ′χ which can

mix as well, with θE6 as the corresponding mixing angle. As a result, the corresponding

Z ′ bosons can be expressed as

Z ′(θE6) = Z ′ψcosθE6 + Z ′χsinθE6 (2.32)

For this equation, θE6 determines the Z ′ boson’s coupling strength to SM fermions and

also its intrinsic width. And six different values of θE6 result in six Z ′ states: Z ′ψ, Z ′N ,

Z ′η, Z
′
I , Z

′
S and Z ′χ. Their corresponding widths range between 0.5% and 1.2% of their

individual masses. For E6 model, the Z ′ couplings to the SM W± and Z bosons are

zero. Figure 2.5 shows the Leading-Order (LO) cross-section times the branching ratio

of decaying into dilepton final states for various E6 Z
′ models as a function of pole mass

at
√
s = 13 TeV with Z ′SSM curve overlaid as well.

Figure 2.5: Leading-order cross-section times branching ratio to a single dilepton
flavour for various Z ′ models as a function of polemass for pp collisions at

√
s = 13 TeV
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2.2.3 Contact interactions

With dilepton final state, we can also try to search for the non-resonant phenomena

“Contact Interactions (CI)” [41, 42] at a relatively lower energy scale. The CI accom-

modates deviations from the SM prediction in proton–proton scattering originating from

quark and lepton compositeness with a characteristic energy scale Λ, which is correspond-

ing to the binding energy between fermion constituents. The Lagrangian of this process

can be written as below

L =
g2

Λ2
[ηLL(q̄LγµqL)(l̄Lγ

µlL) + ηRR(q̄RγµqR)(l̄Rγ
µlR)

+ ηLR(q̄LγµqL)(l̄Rγ
µlR) + ηRL(q̄RγµqR)(l̄Lγ

µlL)].

(2.33)

Here g is a coupling constant, which is set to satisfy g2/4π=1 by convention. And qL,R and

lL,R represent left-handed and right-handed quark and lepton fields. The parameters ηij (i

and j represent L (left) or R (right)) determine the chiral structure of CI. Furthermore,

the sign of ηij reflects whether the interference between the CI process and Drell–Yan

(DY) process is constructive (ηij = -1) or destructive (ηij = +1). The cross section of

qq̄ → l+l−, with the CI process taken into account, can be written as

σtot(mll) = σDY (mll)− ηij
FI
Λ2

+
FC
Λ4
, (2.34)

where the term σDY (mll) accounts for the DY process, and the second term denotes the

interference between the CI and DY processes, while the last term represent the pure CI

process. Figure 2.6 depicts the Feynman diagram of the LO DY process with additional

CI process in the µ+µ− final state. A similar diagram can be applied to the e+e− final

state as well.

Figure 2.6: Feynman diagram of LO DY process with additional CI process with
energy scale Λ in the µ+µ− final state.
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2.3 Physics at the Large Hadron Collider

The development of hadron colliders is one of the major driving forces for parti-

cle physics research to move forward. From 2009, the operation of the Large Hadron

Collider (LHC) has opened a new chapter for probing the nature of the particles. This

subsection briefly introduces the phenomenology of the hardron collider and also the

Higgs boson production at the LHC.

2.3.1 Phenomenology of hadronic collision

As we know, protons are composed of quarks and gluons. Therefore, for the

proton-proton (pp) collisions at the LHC, the interactions actually take place at the

partons (quark and gluon) level instead of the protons level. The parton interaction can

be classified into either hard or soft scattering process, which depends on the momentum

transfer during the interaction. QCD is the underlying theory for hard and soft pro-

cesses, however the approach and level of understanding quite differ between these two

cases. For hard processes, like Higgs boson or high pT jet production, the rates and event

properties can be precisely predicted using the perturbation theory. While on the other

hand, for soft processes (e.g. the total cross section, the underlying event and so on),

their rates and properties are dominated by non-perturbative QCD effects, which are less

understood. For many hard processes, soft interactions are occurring along with the hard

interactions. Figure 2.7 depicts a typical event from the hadronic collisions [43] and its

main features are summarized below:

• Parton Distribution Function (PDF) fi(x,Q
2) represents the probability of finding

a parton with flavor i (quark or gluon) carrying a momentum fraction of x at an

energy scale of Q. Figure 2.8 illustrates the measured PDFs from NNPDF3.0 which

is accurate in perturbative QCD at NNLO [44].

• Fragmentation and hadronization are the processes of producing final state parti-

cles (jets) from the partons produced in the hard scattering.

• Initial/Final state radiation results from QCD or QED radiation of incoming or

outgoing partons that carry color charge as well as the QED final state radiation

from outgoing leptons.

• Underlying events are composed of all the soft processes which accompany with the

hard scattering, including proton remnants, multiple parton interactions and so on.

17



Chapter 2. Theory

Figure 2.7: Schematic view of a hadron-hadron collision.

Figure 2.8: NNPDF3.0 NNLO PDF set for Q2 = 10 GeV 2 and Q2 = 104 GeV 2.

• Minimum bias events are inelastic events selected with very loose triggers with as

little bias as possible.

The QCD factorization theorem [45] can be used to calculate the cross sections for a wide

variety of hard scattering processes in the hadronic collisions. Considering a process with

scattering of two hadrons A and B to produce a final state X, the cross section can be

18



Chapter 2. Theory

factorized into the following formula [46]:

σAB =

∫
dxadxb fa/A(xa)fb/B(xb) σ̂ab→X . (2.35)

Taking into account the leading logarithm corrections, Equation 2.35 becomes:

σAB =

∫
dxadxb fa/A(xa, Q

2)fb/B(xb, Q
2) σ̂ab→X . (2.36)

Here the Q2 is a large momentum scale which characterizes the hard scattering, e.g. m2
ll,

p2
T , ... . Any changes to the Q2 scale of O(1) (like Q2 = 2m2

ll, m
2
ll/2) are equivalent in

the leading logarithm approximation.

Furthermore, by applying the perturbative O(αnS) corrections to the leading loga-

rithm cross section for Equation 2.36, we can get:

σAB =

∫
dxadxb fa/A(xa, µ

2
F )fb/B(xb, µ

2
F ) × [σ̂0 + αS(µ2

R)σ̂1 + ...]ab→X . (2.37)

Here µF is the factorization scale, which can be regarded as the scale separating the long-

distance and short-distance physics. While µR is the renormalization scale for the QCD

running coupling. Formally, the cross section calculated to all orders in perturbation

theory is invariant under changes in these parameters, the µ2
F and µ2

R dependence of the

coefficients, e.g. σ̂1 exactly compensating the explicit scale dependence of the parton

distributions and the coupling constant. To make cross section predictions, special values

for the two scales need to be chosen. And different choices can lead to different results,

which are taken as the uncertainties for the prediction due to unknown higher-order

corrections. To avoid unnaturally large logarithms reappearing in the perturbation series,

it is sensible to choose µF and µR values of the order of the typical momentum scales of

the hard scattering process, and µF = µR is also often assumed. Taking the Drell-Yan

process as an example, the standard choice is µF = µR = m``, the invariant mass of the

lepton pair.

2.3.2 Higgs boson production at the LHC

The main Higgs boson production mechanisms at the LHC are gluon-gluon fu-

sion (ggF), vector boson fusion (VBF), associated production with a vector boson (VH)

and also associated production with a pair of top/antitop quarks (ttH). Figure 2.9 shows

the representative Feynman diagrams for these corresponding production modes.
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Figure 2.9: Representative Feynman diagrams of the Higgs production mechanisms:
(a) gluon-gluon fusion (VH), (b) vector boson fusion (VBF), (c) associated production

with a vector boson (VH) and (d) associated production with top quarks (ttH).

The cross sections for various Higgs production mechanisms are dependent on the

center-of-mass energy
√
s. Table 2.1 summarizes the cross section values for different

production processes at the mass of 125.09 GeV, which are calculated from the official

LHC Higgs cross section working group [47].

Production Cross section (pb)
mechanism

√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV Order of calculation

ggF 16.8± 0.9 21.4± 1.1 48.5± 2.4 N3LO
V BF 1.24± 0.06 1.60± 0.04 3.78± 0.08 NLO
WH 0.576± 0.012 0.70± 0.015 1.37± 0.03 NLO
ZH 0.338± 0.011 0.420± 0.014 0.882± 0.04 NLO
bbH 0.155± 0.035 0.202± 0.045 0.486± 0.12 NLO
ttH 0.089± 0.009 0.133± 0.013 0.507± 0.05 NLO

Total 17.7± 0.7 24.5± 1.1 55.5± 2.4

Table 2.1: Standard Model Higgs boson production cross sections at mH = 125.09
GeV at center-of-mass energy

√
s = 7 , 8 and 13 TeV at the LHC. The uncertainties on

the cross sections are the quadratic sum of the uncertainties from variations of QCD
scales, parton distribution functions and the strong interaction coupling αs.

Figure 2.10 depicts the branching ratios of the Higgs boson decaying into different

final states as a function of mH . And Table 2.2 summarizes the corresponding values

for mH = 125.09 GeV specifically. For the decay channel relevant to this thesis work:

H → µµ, its corresponding branching ratio is 2.171 × 10−4. This value is much smaller

comparing with the branching ratio of τ lepton and b quark due to the fact that Higgs

boson’s coupling to fermion is proportional to the fermion’s mass.
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Figure 2.10: The SM Higgs boson decay branching ratios as a function of the Higgs
pole mass.

Decay channel Branching ratio (%)
H → bb̄ 58.09

H → WW ∗ 21.52
H → gg 8.18
H → tt 6.256
H → cc 2.884
H → ZZ∗ 2.641
H → γγ 0.227
H → Zγ 0.154
H → µµ 0.0217

Table 2.2: Standard Model Higgs boson decay branching ratios at mH = 125.09 GeV.
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The Large Hadron Collider and the

ATLAS Detector

3.1 The Large Hadron Collider

3.1.1 General introduction of the Large Hadron Collider

The Large Hadron Collider (LHC) [48, 49, 50, 51] is the world’s largest facility used

for particle physics, located at European Organization for Nuclear Research (CERN),

near Geneva, Switzerland. It is a two-ring-superconducting-hadron accelerator and col-

lider, residing in a 26.7 km tunnel which is ∼100 m beneath the ground. The LHC was

constructed from 1998 to 2008 and aimed to explore the unprecedented energy frontier.

It is designed to operate proton-proton (pp) collisions eventually at a center-of-mass en-

ergy (
√
s) up to 14 TeV with a designed luminosity of 1034 cm−2s−1. And Table 3.1 sum-

marizes the corresponding design parameters for the LHC pp collisions. Besides, the LHC

can also accommodate heavy ion (lead) collisions with a beam energy of 2.76 TeV/nucleon

and a designed luminosity of 1027 cm−2s−1.

The LHC first started to operate in 2008 but then run into an incident. It resumed

the operation in late 2009 at a lower energy. From March 2010 to early 2013, physics

runs took place at a center-of-mass energy of 7 and 8 TeV, and this period is called

“Run 1”. After Run 1, the LHC was shut down for two years mainly aiming for collider

and detector maintenance together with certain upgrade. In 2015, the second operation

period “Run 2” started with the
√
s increased to 13 TeV. Currently Run 2 is still ongoing,
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Circumference 26.7 km
Beam energy at collision 7 TeV
Beam energy at injection 0.45 TeV
Dipole field at 7 TeV 8.33 T
Luminosity 1034 cm−2s−1

Beam current 0.56 A
Protons per bunch 1.1× 1011

Number of bunches 2808
Nominal bunch spacing 24.95 ns
Normalized emittance 3.75 µm
Total crossing angle 300 µrad
Energy loss per turn 6.7 keV
Critical synchrotron energy 44.1 eV
Radiated power per beam 3.8 kW
Stored energy per beam 350 MJ
Stored energy in magnets 11 GJ
Operating temperature 1.9 K

Table 3.1: The LHC main parameters required to reach the peak luminosity of
1034 cm−2s−1 for pp collisions at

√
s=14 TeV [52].

which will continue until the end of 2018. The peak luminosity achieved in 2017 is

2.05×1034 cm−2s−1, which is already twice the designed luminosity. Until the end of

2017, the total integrated luminosity produced since the start of the LHC is ∼120 fb−1.

Figure 3.1 shows the peak luminosity of the LHC as a function of the different operation

runs.

Figure 3.1: The peak luminosity of the LHC for different operation runs [53].

Figure 3.2 depicts the layout of the LHC complex system, which is a succession
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of machines accelerating particles to the increasingly higher energies. The protons are

required to pass through a series of accelerators to boost their energies before injected

into the main cavity. The proton source is simply coming from a bottle of hydrogen gas,

and an electric field is adopted to strip hydrogen atoms of their electrons in order to yield

protons. Then protons are accelerated in Linac 2, which is the first accelerator in this

chain, to the energy of 50 MeV. After this the proton beam is injected into the Proton

Synchrotron Booster (PSB), which can further accelerate the beam to 1.4 GeV. Then the

protons pass through the Proton Synchrotron (PS), with the beam energy increased to 25

GeV. Following this, protons are sent to the Super Proton Synchrotron (SPS) and their

energies are further boosted to 450 GeV. Finally, the protons are transferred to the two

beam pipes of the LHC. The beam in one of the pipes is accelerated clockwise while the

other one is accelerated anticlockwise. In about 20 minutes, the protons reach the goal

energy of 6.5 TeV since for this time being the LHC operates at a center-of-mass energy

of 13 TeV.

Figure 3.2: Schematic layout of the LHC complex

There are four colliding points at the LHC, which accommodate four different de-

tectors with multipurpose to record the collision events. These four detectors together

25



Chapter 3. The LHC and the ATLAS Detector

with their major physics goals are briefly described as below:

• ATLAS (A Toroidal LHC Apparatus): one of two general-purpose detectors to

search for the Higgs boson and new physics beyond the SM, which can also make

precise test and measurement of the SM.

• CMS (Compact Muon solenoid): the other general-purpose detector like ATLAS

with basically the same physics goals.

• ALICE (A Large Ion Collider Experiment): a heavy-ion detector designed to study

the physics of quark-gluon plasma that existed shortly after the Big Bang.

• LHCb (Large Hadron Collider beauty): a specialized b-physics detector to measure

the parameters of CP violation in the interactions of b-hadrons and other related

physics in the b-sector.

3.1.2 Luminosity and pile-up

Luminosity (L) is one important characteristic of the LHC performance, which

reflects the number of particles per area per time during the collisions. As a result, it can

be expressed in the unit of cm−2s−1. The LHC luminosity purely depends on the beam

parameters and based on the assumption of a Gaussian beam distribution we can write

the luminosity formula as:

L =
N2
b nbfrevγr
4πεnβ∗

F, (3.1)

where Nb is the number of particles per bunch. nb denotes the number of bunches per

beam, and frev denotes the revolution frequency. γr represents the relativistic gamma

factor, while εn represents the normalized transverse beam emittance. β∗ is the beta

function at the collision point, and F is the geometric luminosity reduction factor due to

the crossing angle at the interaction point (IP), which can be expressed as below:

F = 1/

√
1 + (

θcσz
2σ∗

)2, (3.2)

where θc is the full crossing angle at the IP, while σz is the root mean square (RMS) of

bunch length and σ∗ is the transverse RMS of beam size at the IP. One thing needed

to emphasize is that the Equation 3.2 above is based on the assumption of equal beam

parameters for both circulating beams.
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The luminosity definition shown in Equation 3.1 is normally referred to as the in-

stantaneous luminosity. In reality the running conditions usually change with time, and

as a result the luminosity can have a time dependence. To take into account such time

dependence, we have imported another definition called integrated luminosity, which is

calculated as the integral over time: L =
∫
L(t)dt, and in units of b−1 (1b−1 = 1024cm−2).

Furthermore, we can define another two related variables: one is called delivered inte-

grated luminosity referring to the integrated luminosity that the LHC has delivered to a

certain detector; the other one is called recorded integrated luminosity, which represents

the actual amount of data that has been stored to disk by the detector.

For the LHC collisions, multiple interactions can happen for one single bunch cross-

ing, which is the so-called “pile-up” effect. To describe this, we define a variable µ as the

average number of interactions per bunch crossing. The pile-up effect is dependent on the

bunch spacing and luminosity as well. Normally it becomes more and more significant

with the decreasing bunch spacing and increasing luminosity. More explicitly, the µ value

can be expressed into the formula as below:

< µ >=
Lbunchσinel
frnbunch

(3.3)

where Lbunch is the instantaneous luminosity for each bunch, and σinel is the inelastic

cross section (at center-of-mass energy of 13 TeV, its value is 78 mb). nbunch denotes the

number of colliding bunches and fr represents the LHC revolution frequency.

The left plot of Figure 3.3 describes the delivered luminosity as a function of the

months during the years between 2011 and 2017. In total, around 90 fb−1 integrated

luminosity has been already delivered during Run 2. The work of this thesis is based on

a integrated luminosity of 36.1 fb−1, which was recored in 2015 and 2016. The plot on

the right in Figure 3.3 depicts the luminosity-weighted distribution for the mean number

of interactions per crossing (< µ >) from 2015 to 2017. As can be seen from the plot,

with the significantly increasing luminosity in 2017, the < µ > shows much larger values

comparing with the first two years of the Run 2.
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Figure 3.3: Delivered luminosity (pp collisions) vs time for 2011−2017 (left);
luminosity-weighted distribution of the mean number of interactions per crossing at

13 TeV from 2015−2017 (right).

3.2 The ATLAS Detector

3.2.1 Physics requirements and detector overview

ATLAS (A Toroidal LHC ApparatuS) [54] is the largest particle detector ever built,

which is located at one of the collision points of the LHC, CERN. It is 46 metres long,

and 25 metres in diameter. ATLAS detector contains around 3000 km of cables and its

total weight is about 7,000 tonnes. Around 3000 physicists from over 182 institutions of

38 countries are working at the ATLAS experiment currently, forming the largest particle

physics collaboration all over the world.

This paragraph briefly introduces the coordinate system and jargons used to de-

scribe the ATLAS detector, which will be also used throughout this thesis. The nominal

interaction point (IP) is used to define the origin of the coordinate system, while z−axis

is determined by the beam direction and the x − y plane is defined as the plane trans-

verse to the beam direction. Moreover, the positive x-axis is defined as the direction

pointing from the IP to the centre of the LHC ring, while the positive y-axis is defined

as pointing upwards. Then the side-A/C of the detector is defined as that with posi-

tive/negative z coordinate. The azimuthal angle φ is measured around the beam axis,

while the polar angle θ is the angle from the beam axis. In reality we often use the pseu-

dorapidity instead of θ, which is defined as η = -ln tan(θ/2) (the variable named rapidity:

y = 1
2
ln[(E + pz)/(E − pz)] is used for massive objects). The transverse momentum pT ,

the transverse energy ET , and the missing transverse energy Emiss
T are defined in the
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x− y plane. The distance ∆R in the pseudorapidity-azimuthal angle space is defined as

∆R =
√

∆η2 + ∆φ2.

As already mentioned in Subsection 3.1.1, ATLAS (A Toroidal LHC ApparatuS) is

one of two detectors designed with general-purpose including searching for the SM Higgs

boson as one benchmark, and also searching for heavy BSM gauge bosons like Z ′ and

W ′. Besides, the detector is also designed to detect possible decays of supersymmetric

particles (like squarks and gluinos). It can also explore the possibility of extra dimensions

proposed by several models, which can lead to a characteristic energy scale of quantum

gravity in the TeV region. Nevertheless, the ATLAS detector is not just dedicated for

exploring the un-known world, and it can accommodate the abilities of making precise

test and measurement of the SM as well. To fulfill such diverse physics targets, the

ATLAS detector is designed to satisfy the following general requirements

• Firstly fast, radiation-hard electronics and sensor elements are necessary for the

detector. And high detector granularity is also needed to handle the particle fluxes

and to reduce the influence of overlapping events as well.

• The detector is required to have large acceptance in pseudorapidity together with

nearly full φ coverage.

• It is essential for the detector to keep good charged-particle momentum resolution

and reconstruction efficiency in the inner tracker. For offline tagging of τ -leptons

and b-jets, vertex detectors close to the interaction region are required to have the

capability to observe secondary vertices.

• Also as the basis of achieving the physics goals described above, the detector needs

to have decent electromagnetic (EM) calorimetry for electron and photon identifi-

cation and measurements, complemented by full-coverage hadronic calorimetry for

accurate jet and Emiss
T measurements.

• Other necessary requirements include decent muon identification and momentum

resolution over a wide range of muon momenta and also the ability to determine

the charge of high pT muons.

• Besides, in order to keep an acceptable trigger rate for the most relevant physics of

interest, it is prerequisite for the detector to have highly efficient triggering on low

pT objects but also with sufficient background rejection.
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Figure 3.4 shows the overall ATLAS detector layout, which is generally forward-

backward symmetric with respect to the IP. The magnet configuration comprises a thin

superconducting solenoid surrounding the inner-detector cavity, and three large super-

conducting toroids (one barrel and two end-caps) arranged with an eight-fold azimuthal

symmetry around the calorimeters.

Figure 3.4: Cut-away view of the ATLAS detector. The dimensions of the detector are
25 m in height and 44 m in length. The overall weight of the detector is approximately

7000 tonnes.

The inner detector (ID) is the innermost part of the ATLAS detector and immersed

in a 2 T solenoidal magnetic field. It can fulfill pattern recognition, momentum/vertex

measurements, and electron identification through a combination of different components

of the tracking system, with the η coverage up to 2.5.

Calorimetry system resides outside the ID and solenoid, which is crucial for the

energy and position measurements. High granularity liquid-argon (LAr) electromagnetic

sampling calorimeters, mainly used for energy deposition of electrons and photons, can

cover the η range up to 3.2. While the hadronic calorimetry in the range |η| < 1.7

is provided by a scintillator-tile calorimeter, which is separated into a large barrel and

two small extended barrel cylinders. And in the end-caps (|η| > 1.5), LAr technology

is also adopted for the hadronic calorimeters, matching the outer |η| limits of end-cap

electromagnetic calorimeters. The LAr forward calorimeters provide both electromagnetic

and hadronic energy measurements, and the corresponding η coverage is extended up to

4.9.
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The outermost part of the ATLAS detector is the muon spectrometer (MS), which

surrounds the calorimeter. The air-core toroid system, including a long barrel and two

inserted end-cap magnets, generates strong bending power in a large volume within a light

and open structure. It can minimize the multiple-scattering effects as well. Besides, the

three layers of high precision tracking chambers can guarantee decent muon momentum

resolution. The muon instrumentation also includes another key component: trigger

chambers with timing resolution in the order of 1.5−4 ns. In the end, the MS defines the

overall dimensions of the ATLAS detector.

As already mentioned in the previous contents, the interaction rate of the LHC pp

collisions at the design luminosity of 1034 cm−2s−1 is approximately 1 GHz, and during

Run 2, the peak luminosity has already reached twice as the designed luminosity. Thus,

the trigger system for the ATLAS detector is quite crucial for rejecting against minimum-

bias processes and also maintaining a maximum efficiency for the physics of interest,

especially given the limitations of technology and resource for event recording. During the

first long shutdown (LS1) of the LHC, the trigger system has been improved and almost

every component has been tuned, in order to meet the requirements coming from the

high luminosity and also increased pile-up for Run 2. Currently, the relevant constraints

include the maximum L1 rate of 100 kHz (75 kHz in Run 1) which is determined by the

ATLAS detector readout capability, and an average HLT physics output rate of 1 kHz

(400 Hz in Run 1) which is determined by the offline computing model.

Table 3.2 summarizes the main performance goals for the different components of

the ATLAS detector, and more detailed descriptions about each component are given in

the following subsections.

Detector component Required resolution η coverage
Measurement Trigger

Tracking σpT /pT=0.05%pT⊕1% ±2.5

EM calorimetry σE/E=10%
√
E⊕0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)

barrel and end-cap σE/E=50%
√
E⊕3% ±3.2 ±3.2

forward σE/E=100%
√
E⊕10% 3.1< |η| <4.9 3.1< |η| <4.9

Muon spectrometer σpT /pT=10% at pT=1 TeV ±2.7 ±2.4

Table 3.2: General performance goals of the ATLAS detector. The units for E and
pT are in GeV.
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3.2.2 Magnet system

The magnet system of the ATLAS detector is 22 m in diameter and 26 m in length.

It is composed of four large superconducting magnets: one solenoid which is aligned

along the beam axis; one barrel toroid and two end-cap toroids that produce a toroidal

magnetic field of approximately 0.5 T and 1 T for the MS in the central and end-cap

regions respectively.

The central solenoid is designed to generate a 2 T axial field for the ID. Besides, in

order to meet the desired calorimeter performance, the solenoid’s layout needed careful

optimization to keep the material in front of the calorimeter as thin as possible. And this

also requires that the solenoid windings and LAr calorimeter share a common vacuum

vessel, resulting in eliminating two vacuum walls.

The barrel toroid consists of eight coils encased in individual racetrack-shaped,

stainless-steel vacuum vessels and provides the magnetic field in the cylindrical volume

surrounding the calorimeters. Overall, the size of the barrel toroid is 25.3 m in length,

with inner and outer diameters of 9.4 m and 20.1 m respectively. And the coil assembly

of the system is supported by eight inner together with eight outer rings of struts.

The two end-cap toroids are responsible for providing the magnetic field used to

optimise the bending power in the end-cap regions of the MS system. Each end-cap

toroid is composed of a single cold mass built up from eight flat, square coil units and

eight keystone wedges, which are bolted and glued together into a rigid structure to

withstand the Lorentz forces.

3.2.3 Inner Detector

As the tracking system of the ATLAS experiment, the Inner Detector (ID) is de-

signed to provide hermetic and robust pattern recognition, together with good momentum

resolution within the pseudorapidity range |η| < 2.5. It can also measure the primary

and secondary vertex for charged tracks with pT above the give threshold (normally it is

0.5 GeV). Besides it accommodates the ability for electron identification for |η| < 2.0 with

a wide range of energies (between 0.5 and 150 GeV) as well. Figure 3.5 illustrates the

corresponding cut-away view of ID, which consists of three independent but also comple-

mentary sub-detectors and is contained within a cylindrical envelope of length ±3512 mm

and of radius 1150 mm.
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Figure 3.5: Cut-away view of the ATLAS inner detector.

A detailed layout of the ID is shown in Figure 3.6. As depicted in this figure,

at inner radii, silicon pixel layers and stereo pairs of silicon microstrip (SCT) layers can

provide high-resolution pattern recognition through discrete space-points. While at larger

radii, the transition radiation tracker (TRT) comprises many layers of gaseous straw tube

elements interleaved with transition radiation material.

Figure 3.6: Plan view of a quarter-section of the ATLAS inner detector showing each
of the major detector elements with its active dimensions and envelopes.
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3.2.3.1 Pixel detector

The pixel detector system [55] is the innermost part of the ID. Originally at Run

1, it was composed of three barrel layers placed at the radius of 50.5 mm, 88.5 mm and

122.5 mm centered around the beam axis and two end-caps with three disk layers on

each side. The pixel contains approximately 80 million channels, which is used in the

identification and reconstruction of secondary vertices from the decay of particles like

hadrons containing b−quarks or τ leptons. Additionally, it also provides excellent spatial

resolution for reconstructing primary vertices coming from the pp interaction region.

The basic building block of the active part of the pixel detector is a module composed

of silicon sensors, front-end electronics and flex-hybrids with control circuits. Generally

all the modules are functionally identical at the sensor/integrated circuit level, but still

differ somewhat in the interconnection schemes between barrel modules and end-cap disk

modules. The nominal pixel size is 50 microns in the φ direction and 400 microns in z

(barrel region, along the beam axis) or r (disk region), but a few special pixels in the

region between integrated circuits on a module have larger dimensions. For each module,

there are 46,080 pixel electronics channels in total.

As already described, for Run 2, pile-up effect is significantly increased. In order to

guarantee the excellent vertex reconstruction performance and also provide redundancy

in case of failures or radiation damage for the existing three layers, therefore a fourth

layer named the Insertable B-Layer (IBL) was added between the existing pixel detector

and a new smaller beam pipe at a radius of 33 mm during the LS1. As a result, the new

pixel detector contains four layers now, which helps to improve the impact parameter

resolution by nearly a factor of two for low pT tracks and also make the patter recognition

even more robust because of adding an additional space point. Besides, the new Service

Quarter Panels (nSQP) were also installed during the LS1 to provide a relocation of the

Optoboards, making it more accessible. The nSQP helps to increase the bandwidth of

Layer-1 to become the same as Layer-0 (160 Mbits/s), which can adjust to the much

higher luminosity at the Run 2.

3.2.3.2 The semiconductor tracker

The semiconductor tracker (SCT) [56] is a precision silicon microstrip detector form-

ing an integral part of this corresponding tracking system, covering radial regions between

30 and 52 cm and η up to 2.5. For the barrel, there are four cylindrical layers, while for
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the end-caps, there are nine annular disks on each side. The design of such corresponding

layout can realize that each charged particle crosses at least four layers, which leaves

four space points anywhere in SCT’s acceptance region. For the barrel, the SCT uses

small-angle (40 mrad) stereo strips to measure both coordinates, with one set of strips

in each layer parallel to the beam direction, measuring r− φ. They are composed of two

6.4 cm long daisy-chained sensors with a strip pitch of 80 µm. While for the end-cap,

the SCT has a set of strips aligned radially and also a set of stereo strips at an angle

of 40 mrad. The mean pitch of the strips is around 80 µm. In the barrel, the intrinsic

accuracies for each module are 17 µm (r−φ) and 580 µm (z), while for the end-cap disks,

the accuracies are 17 µm (r− φ) and 580 µm (R). There are around 6.3 million readout

channels in total for the SCT.

3.2.3.3 Transition radiation tracker

The transition radiation tracker (TRT) [57], located in the outermost region of the

ID, is composed of thin-walled proportional drift tubes named straw tube or just straws.

The TRT can be separated into three parts: a barrel and two end-caps, with the η

coverage up to 2.0. For the barrel part, it consists of 52544 straws with 144 cm in length

oriented parallel to the beam direction; while for the two end-cap regions, each side is

comprised of 122880 straws with 37 cm in length aligned radially with respect to the

beam direction. There are approximately 351,000 readout channels in total for the TRT.

The straw tubes of the TRT can provide a large number of hits normally 36 hits

for each track. The TRT can only provide R − φ information, for which it achieves an

intrinsic accuracy of 130 µm for each straw. The joint system of the precision trackers at

small radii and the TRT at a larger radius provides robust pattern recognition and also

high precision in both R−φ and z coordinates. The straw hits at the larger radius make

significant contributions to the momentum measurement, due to the fact that the lower

precision per point compared to the silicon can be compensated by the large number of

measurements and longer measured track length.

3.2.4 Calorimeters

Calorimeters in the particle physics experiments are designed to measure the energy

of incoming particles, which could be either charged or neutral ones. Figure 3.7 depicts

the layout of the ATLAS calorimeter system, which consists of a number of sampling
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detectors with full φ-symmetry and coverage around the beam axis. The calorimeters are

designed to cover the η range up to 4.9, by using different techniques to adjust to the

widely varying requirements from the physics processes of interest and also the radiation

environment. For example, for the η region overlapped with the ID, the fine granularity

of the EM calorimeter is ideally designed for precision measurements for electrons and

photons; while the rest parts of the calorimeter use the relatively coarser granularity

but sufficient enough to satisfy the physics requirements for jet reconstruction and Emiss
T

measurements.

Figure 3.7: Cut-away view of the ATLAS calorimeter.

The major functionalities of the calorimeters include providing good containment

and absorption for electromagnetic and hadronic showers and limiting the corresponding

punch-through into the muon system. Therefore the calorimeter depth is a really crucial

parameter for the design. The total thickness of the EM calorimeter is more than 22

radiation lengths (X0) for the barrel region and more than 24 X0 for the end-caps. The

approximate 9.7 interaction lengths (λ) of active calorimeter for the barrel region (10 λ

for the end-cap regions) are sufficient enough to keep good resolution for high energy

jets. For η=0 region, a total thickness of 11 λ (including 1.3 λ from the outer support) is

adopted, and based on both measurements and simulations, it shows good performance of

reducing the punch-through effect below the irreducible level of prompt or decay muons.
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The EM calorimeters are purely based on liquid argon technology, while for the

hadronic calorimeters the scintillating tiles technology is also adopted. More details for

these two types of calorimeters are described in the following subsections.

3.2.4.1 LAr electromagnetic calorimeter

The EM calorimeter (EMC) is divided into a barrel part (|η| < 1.475) and two

end-cap components (1.375 < |η| < 3.2), each housed in their own cryostat. For the

barrel part, it consists of two identical half-barrels, which are separated by a small gap

(4 mm) at z = 0. While for the end-caps, each calorimeter is mechanically divided into

two coaxial wheels: an outer wheel covering the region of 1.375 < |η| < 2.5, and an

inner wheel covering the region of 2.5 < |η| < 3.2. The EM calorimeters are lead-liquid

argon detectors [58] with accordion-shaped absorbers and electrodes. Such geometry

allows the calorimeters to be segmented into several active layers in depth: three in the

precision-measurement region (0 < |η| < 2.5) and two in the higher-η region (2.5 <

|η| < 3.2) and in the overlap region between the barrel and the electromagnetic end-cap

calorimeter (EMEC). For the region of 0 < |η| < 2.5, the accurate position measurement

can be guaranteed by finely segmenting the first layer along η. Besides, the η-direction of

photons can be determined by the position of the photon cluster in the first and second

layers. For the region of |η| < 1.8, the presamples are used to complement the EM

calorimeters, which can correct for the energy loss of the electrons and photons upstream

of the calorimeters. The presampler is composed of an active LAr layer with thickness of

1.1 cm (0.5 cm) for the barrel (end-cap) part.

3.2.4.2 Hadronic calorimeters

This subsection describes the ATLAS hadronic calorimeters including the tile calorime-

ter, the liquid-argon hadronic end-cap calorimeter (HEC) and the liquid-argon forward

calorimeter (FCal).

The tile calorimeter [59] is a sampling calorimeter using steel as the absorber and

scintillator as the active medium, which covers the |η| range to 1.7 and is located right

outside the EM calorimeter envelope. It can be separated into a central barrel (|η| < 1.0),

and two extended barrels (0.8 < |η| < 1.7). The tile calorimeter is segmented into three

layers in depth, approximately 1.5, 4.1 and 1.8 interaction lengths (λ) thick for the barrel
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and 1.5, 2.6, and 3.3 λ for the extended barrel. And two sides of the scintillating tiles are

read out by wavelength shifting fibers into two separate photomultiplier tubes.

The HEC consists of two independent wheels for each end-cap, residing just behind

the EMEC and sharing the same LAr cryostats. It is a copper/LAr sampling calorimeter

with a flat-plate design, covering region of 1.5 < |η| < 3.2. Such coverage choice is

the consideration of reducing the drop in material density at the transition between the

end-cap and the forward calorimeter (around |η| = 3.1) by making the HEC overlapped

with the forward calorimeter a little bit. Based on the similar reason, the HEC’s lower

boundary of η (1.5) is also chosen to slightly overlap with the tile calorimeter (|η| < 1.7).

Each wheel of the HEC is divided into two segments in depth, with a total of four layers

for each end-cap.

The FCals are located in the same cryostats as the end-cap calorimeters and provide

coverage of 3.1 < |η| < 4.9. Such design provides significant benefits regarding the

uniformity of the calorimetric coverage together with reduced radiation background levels

in the muon spectrometer. The FCal has an interaction length of approximately 10 λ

deep. And it consists of three modules for each end-cap: the first one is made of copper

and optimized for EM measurements, while the other two are made of tungsten, which

can measure predominantly the energy of hadronic interactions. Each module consists

of a metal matrix, with regularly spaced longitudinal channels filled with the electrode

structure consisting of concentric rods and tubes parallel to the beam axis. The LAr in

the gap between the rod and the tube is the sensitive medium, which allows for the design

with very small gaps. This consideration is based on the fact that the FCal modules are

in the very high η regions, and exposed to high particle fluxes.

3.2.5 Muon Spectrometer

The muon spectrometer (MS) [60] forms the outermost part of the ATLAS detector

and its conceptual layout is shown in Figure 3.8. The MS is designed to detect the charged

particles for the region of |η| < 2.7, which exit the calorimeter system. And it can also

measure their corresponding momenta based on the magnetic deflection of the charged

tracks in the large superconducting air-core toroid magnets. For |η| <1.4, magnetic bend-

ing power is provided by the barrel toroid, and for 1.6 < |η| < 2.7, charged tracks are

bent by two smaller end-cap toroid magnets inserted into both ends of the barrel toroid.

While for 1.4 < |η| < 1.6, which is referred to as the transition region, magnetic deflec-

tion is provided by the combination of barrel and end-cap fields. Such kind of magnet
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configuration can provide a field that is mostly orthogonal to the muon trajectories, but

also accommodate the capability of minimising the degradation of resolution caused by

multiple scattering. The performance goal of the MS is to achieve approximately 10% pT

resolution for 1 TeV tracks, which translates into a sagitta along the beam direction z

of about 500 µm required to be measured with a resolution of ≤50 µm. Momenta down

to a few GeV (around 3 GeV, due to the energy loss in the calorimeter system) can be

measured by the MS alone. And the stand-alone measurements can still keep adequate

pT resolution and decent charge identification even for very high pT cases (like 3 TeV).

Figure 3.8: Cut-away view of the ATLAS muon spectrometer.

Figure 3.9 depicts the cross-section view of the MS in the planes transverse to, and

containing, the beam axis z. As shown in the figures, for the barrel part, muon chambers

are arranged in three concentric cylindrical shells around the z axis at radii of around

5 m, 7.5 m and 10 m. While for the two end-cap regions, the chambers form large wheels,

which are perpendicular to the z-axis and placed at distances of |z| ≈ 7.4m, 10.8 m, 14 m

and 21.5 m with respect to the IP.

For the MS, there are four types of chambers: Monitored Drift Tubes (MDT) and

Cathode Strip Chambers (CSC) used for precision measurement of the track coordinates,

together with Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC) employed
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Figure 3.9: Cross-section view of the muon spectrometer system in the non-bending
plane (top) and bending plane (bottom)
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as the trigger system. Table 3.3 describes the main parameters for the design of these

four types of chambers.

Monitored Drift Tubes MDT
-Coverage |η| < 2.7 (innermost layer: |η| < 2.0)

-Number of chambers 1150
-Number of channels 354 000

-Function Precision tracking
Cathode strip chambers CSC

-Coverage 2.0 < |η| < 2.7
-Number of chambers 32
-Number of channels 31 000

-Function Precision tracking
Resistive plate chambers RPC

-Coverage |η| < 1.05
-Number of chambers 606
-Number of channels 373 000

-Function Triggering, second coordinate
Thin gap chambers TGC

-Coverage 1.05 < |η| < 2.7 (2.4 for triggering)
-Number of chambers 3588
-Number of channels 318 000

-Function Triggering, second coordinate

Table 3.3: Main parameters of the four components of the muon spectrometer

3.2.5.1 Monitored drift tube chambers

As the major precision-tracking chambers, the MDT can cover the η range up to

2.7 expect for the innermost end-cap layer where the coverage is limited to 2.0. The

MDT chambers are comprised of three to eight layers of drift tubes, with a diameter of

29.970 mm, operated at an absolute pressure of 3 bar with Ar/CO2 gas (93/7), which

can achieve an average resolution of 80 µm per tube, or about 35 µm per chamber.

Figure 3.10(a) shows the cross section of a MDT tube, for which the wall thickness is

0.4 mm and the inner radius is 14.58 mm (rmax). When a charged track passes through a

MDT tube, it causes the gas ionization and the primary electrons are produced through

this process. These electrons drift towards the anode wire and when they get closer to

the wire, they can gain more energy due to the increasing of electric filed. After achieving

enough energy, they can further produce the secondary electrons, eventually leading to

the avalanche effect. The amplified signals propagate through the anode wire to the

41



Chapter 3. The LHC and the ATLAS Detector

tube ends and finally reach the readout system. The coordinate of this charged track

is determined by the radius of the circle (rmin) around the wire to which the track is

tangential. Figure 3.10(b) [61] depicts one example for the drift time spectrum of the

electrons propagating to the anode wire of a MDT tube. The spectrum shows the feature

of a steeply rising edge at t0 representing the muons which pass very close to the wire,

and a broad distribution of hits extending to a less well defined tmax representing those

muons near the tube walls.

(a) (b)

Figure 3.10: Cross-section view of a MDT tube (a) and an example of drift time
spectrum for a MDT tube (b).

The naming of the MDT chambers is based on their location either in the barrel (B)

or end-cap (E), also their assignment to inner (I), middle (M) or outer (O) chamber

layer and their belonging to a large (L) or a small (S) sector. Besides these, the sector

number (1−16) and the sequence number of the chamber in a row of chambers of a sector

are added for a complete MDT chamber naming.

Each MDT chamber consists of two groups of tube layers, which are multi-layers and

separated by a mechanical spacer. For the innermost layer of the MS, each multi-layer is

comprised of four tube layers in order to enhance the pattern-recognition performance,

while for the middle and outer layer, each multi-layer only contains three layers.
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3.2.5.2 Cathode strip chambers

Cathode strip chambers (CSC) are used for the forward region (2 < |η| < 2.7) in the

innermost tracking layer because of their high spatial, time and double track resolution

with high rate capability. They can keep low neutron sensitivity as well. The CSC are

multi-wire proportional chambers (MWPC) with the wires oriented in the radial direction

and the cathode planes segmented into strips in orthogonal directions (one perpendicular

to the wires to provide precision coordinate, while the other one parallel to the wires to

provide transverse coordinate). The resolution of a chamber is 40 µm for the bending

plane and around 5 mm for the transverse plane. Such difference of the resolution is due

to the different readout pitch and to the fact that the azimuthal readout runs parallel to

the anode wires.

3.2.5.3 Resistive plate chambers

Resistive plate chambers (RPC) serve as the fast trigger system in the barrel re-

gion (|η| < 1.05) to deliver the track information within a few ns after the passage of a

charged track. There are three concentric cylindrical layers around the beam axis, known

as the three trigger stations. The RPC is a gaseous parallel electrode-plate detector,

which has no wires. As shown in Figure 3.11, two RPC layers (RPC1 and RPC2) are

below and above the MDT’s middler chamber, while the third layer (RPC3) is located

above (below) the MDT’s outer chamber for the large (small) sectors. There is a large

lever arm between inner and outer RPC, which allows the trigger to select the tracks with

high pT ranging between 9 and 35 GeV, known as the high-pT trigger. And the two inner

stations provide the low-pT trigger for the pT range between 6 and 9 GeV. Each station

of the RPC consists of two independent layers and both of them are used for measuring

transverse coordinates namely η and φ.

3.2.5.4 Thin gap chambers

For the end-cap region (1.05 < |η| < 2.4), TGC are adopted for triggering, which

are operated based on the same principle as MWPC. TGC can provide two functionalities

for end-cap: one is the muon trigger capability and the other one is the determination of

the second azimuthal coordinate to complement the MDT’s measurement in the bending

direction. As depicted in Figure 3.11, there are three layers located in front of (TGC1)

and behind (TGC2 and TGC3) the middle MDT wheel (EM). And the fourth layer is
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Figure 3.11: A quarter-section view of the muon trigger system

in front of the innermost MDT layer, which is segmented radially into two parts: end-

cap (EI) and forward (FI, also known as the small wheel). The azimuthal coordinate in

the outer MDT wheel (EO) can be obtained by the extrapolation of the track from the

middle layer accurately because of no magnetic field existing between the EM and EO.

3.2.6 Forward detectors

Originally there are three smaller types of detectors covering the ATLAS forward

region as shown in Figure 3.12. Ordered with respect to the corresponding distance

from the IP, the first part is LUminosity measurement using Cherenkov Integrating De-

tector (LUCID), which is located at ±17 m from the IP. LUCID is the major relative

luminosity monitor for the ATLAS and the only detector primarily dedicated to online

luminosity monitoring. Its major purpose is to detect inelastic p − p scattering in the

forward region aiming to both measure the integrated luminosity and also to provide on-

line monitoring for the instantaneous luminosity and beam conditions. While the second

part is the Zero-Degree Calorimeter (ZDC), residing at a distance of ±140 m from the

IP, where the LHC beam pipe is separated into two pipes. And its major goal is to detect

the forward neutrons (|η| > 8.3) for the heavy-ion collisions. The third detector, which
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is also the most remote (±240 m) one from the IP, is the Absolute Luminosity detector

For ATLAS (ALFA).

Figure 3.12: Placement of the ATLAS forward detectors along the beam line

During the shutdown in the end of 2016, a new component was added to complement

the ALFA, which is the ATLAS Forward Proton (AFP) detector [62]. The AFP is located

∼210 m from the IP, which is mainly composed of two components: the tracking detectors

and the high-resolution time-of-flight (ToF) detector. For the Run 2, the goal with the

AFP is to carry out measurements of the soft and hard diffractive processes in dedicated

low pile-up runs, which is crucial for the detailed understanding of the QCD.

3.2.7 Trigger system

As described in the previous paragraph, the trigger system is a very crucial compo-

nent for the ATLAS experiment. During the LS1, many upgrade operations have been

carried out for the trigger system in order to satisfy the challenging requirements with the

much higher luminosity and pile-up in Run 2. Figure 3.13 [63] depicts the upgraded Trig-

ger and Data Acquisition (TDAQ) system, which is comprised of a hardware-based first

level trigger (L1) and a software-based high-level trigger (HLT). As shown in the figure,

the inputs from the L1 calorimeter (L1Calo) and L1 muon (L1Muon) triggers together

with some other subsystems like the Minimum Bias Trigger Scintillators (MBTS), the

LUCID Cherenkov counter and ZDC are sent to the Central Trigger Processor (CTP),

which then generates the L1 Trigger decision. After this, the events are buffered in

the Read-Out System (ROS) and processed by the HLT. The HLT receives Region-of-

Interest (RoI) information from the L1, which is used for regional reconstruction in the

trigger algorithms. And after accepted by the HLT, the events are transferred to local

45



Chapter 3. The LHC and the ATLAS Detector

storage at the experimental site and exported to the Tier-0 facility at CERN’s computing

center for offline reconstruction. More details about the L1 and HLT are described in the

following subsections.

Figure 3.13: Schematic view of the ATLAS TDAQ system for Run 2

3.2.7.1 Level-1 Trigger

Substantial upgrades have been performed for the L1 trigger system, leading to the

maximum L1 trigger rate increasing from 70 kHz (Run 1) to 100 kHz (Run 2). The

Level-1 calorimeter (L1calo) trigger and Level-1 muon trigger are briefly introduced in

the following paragraphs.

Figure 3.14 illustrates an example of the electron/photon and tau trigger algo-

rithm. It can identify an Region-of-Interest (RoI) as a 2×2 trigger tower cluster in the

EM calorimeter, for which the sum of the transverse energy (ET ) from at least one of the

four possible pairs of nearest neighbour towers (1×2 or 2×1) exceeds a predefined thresh-

old. Jet RoIs are defined as 4×4 or 8×8 trigger tower windows, with the corresponding

sum of the electromagnetic and hadronic ET exceeding the predefined thresholds. The

2×2 trigger tower core surrounded is the local maximum, which is used to determine
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the coordinates of this jet RoI. The new FPGA-based multi-chip module (nMCM) is

adopted as the preprocessor system, which accommodates more flexibility and function-

ality comparing with the old system and eventually leads to a significant rate reduction

of the L1 jet and L1 Emiss
T triggers. Then the outputs from this preprocessor are sent to

the Cluster Processor (CP) together with Jet/Energy-sum Processor (JEP) subsystems

in parallel. The CP subsystem can identify electron/photon and tau candidates if the

ET threshold and certain isolation criteria are satisfied. While the JEP subsystem can

receive jet trigger elements (0.2×0.2 sums in η×φ) and use these information to identify

jets and also to produce global sums of scalar and missing transverse momentum. Then

after this, the new developed cluster merger modules (CMX) are used to transmit both

the location and energy of the identified trigger objects to the new L1Topo modules. The

speed of such transmission is with a bandwidth of 6.4 Gbps per channel, and the total

output bandwidth of above 2 Tbps. Besides, the processed trigger selections and isolation

thresholds are doubled for most L1 triggers by using the new CMX modules comparing

with the Run 1.

Figure 3.14: Schematic view of the input trigger towers for the L1Calo trigger algo-
rithms.

The Level-1 muon trigger system relies on RPC (barrel) and TGC (end-cap) cham-

bers, for which the details have been described in previous sections 3.2.5.3 and 3.2.5.4.
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In the Run 1, for the end-cap region, a large amount of the trigger rates were found to

be induced by the particles not really originating from the IP, as depicted in Figure 3.15.

Then during the LS1, an additional TGC coincidence technique has been developed and

adopted for the region 1.3 < |η| < 1.9 (TGC-FI) in order to reject these background

particles. Besides, further coincidence logic for the region 1.0 < |η| < 1.3 is also intro-

duced requiring the coincidence with the inner TGC chambers (EIL4) or the Tile hadronic

calorimeter. After adopting these coincidence, the trigger rate is reduced by up to 60%

with only around 2% of offline reconstructed muons lost in the corresponding region.

Figure 3.15: Schematic view of the MS with lines indicating various η regions. The
curved arrow (in red color) shows an example of a trajectory from slow particles gen-
erated at the beam pipe around z 10 m. Triggers due to events of this type are
mitigated by requiring an additional coincidence with the TGC-FI chambers in the

region 1.3 < |η| < 1.9.

3.2.7.2 High-level trigger

During the Run 1, the HLT is comprised of separated Level-2 (L2) and Event Fil-

ter (EF) farms. While in the Run 2, the L2 and EF farms are merged into a single

homogeneous farm, which can realize better resource sharing and also an overall sim-

plification for both hardware and software. After the L1 trigger stage, the events are

processed by the HLT with the inputs from the ID, calorimeter and also MS, which are

not available at the L1.
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The tracking trigger can be divided into two stages: fast tracking and precision

tracking. The fast tracking contains the trigger-specific pattern recognition algorithms

while the latter one mainly relies on offline tracking algorithms. In 2018, the full Fast

TracKer (FTK) system is expected to be adopted, which will provide global ID informa-

tion and the corresponding HLT tracking algorithms have been already developed.

For the calorimeter algorithms, it firstly unpacks the data either within the RoIs

identified at the L1 or from the full calorimeter. The former approach is applied for

the well-separated objects (like electron, photon, muon and tau), while the latter one

is adopted for jets and global event quantities (like Emiss
T ). After this stage, the raw

unpacked data is converted into a collection of cells. And there are two different clustering

algorithms used to reconstruct the clusters of energy deposited in the calorimeter: the

sliding-window and the topo-clustering.

For muons, they are identified at the L1 trigger using the spatial and temporal

coincidence of hits in the RPC or TGC. The HLT receives the L1 information with the

RoI position and also makes use of the MDT and CSC to further refine the L1 muon

candidates. For the HLT muon, the reconstruction contains two stages: fast (trigger

specific) and precision (close to offline). For the fast stage, a track fit is performed by

using the MDT drift time and positions and a pT measurement is assigned, which can

create the MS-only muon candidate. Then this MS-only track can be back-extrapolated

to the IP and combined with the ID track, resulting in a combined muon candidate with

refined track parameter resolution. While for the precision stage, based on the refined

RoIs from the previous fast stage, the segments and tracks are reconstructed by using

the information from the MS. And similar as the fast stage, combined muon candidates

are formed by taking into account the ID track information. Additionally, an inside-out

approach, which forms the combined muon candidate by extrapolating the ID track to

the MS, is adopted as well when no matching ID track is found.
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Simulation and Object

Reconstruction for the ATLAS

Experiment

For the pp collisions at the LHC, currently the bunch spacing is 25 ns and the

peak luminosity already exceeds the designed one as mentioned in the previous sections.

For each bunch crossing, the average number of interactions is more than 30 and a large

amount of particles can be produced accordingly, with the majority coming from the QCD

processes. Therefore, certain selection requirements are needed to distinguish the process

of interest, which is treated as the signal, from the other remaining processes regarded

as the background. To predict and model the signal and background, Monte-Carlo (MC)

simulation is adopted. The simulation software chain of the ATLAS experiment [64]

can be divided into three stages: event generation including the hard scattering process,

underlying events as well as the immediate decays, simulation of the detector and physics

interactions, and digitization of the energy deposited in the detector’s sensitive area

into mimic readout signal (voltages and currents). Through such simulation process,

the simulated output is already equivalent to that of the recorded data, and can be

further sent into the reconstruction phase. As depicted in the Section 3, the ATLAS

detector is designed with quite general purpose, and different particles can interact with

certain sensitive area of the detector and give different responses. Figure 4.1 shows the

graphic mechanism of the particle identification for the ATLAS detector. Based on these

interaction responses, we are able to reconstruct the corresponding objects (e.g. track,

vertex, electron, muon, jet, Emiss
T ...), which can be used for the latter physics analysis.
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The following sections 4.1 and 4.2 will describe the detector simulation and analysis object

reconstruction respectively.

Figure 4.1: Schematic description of the particle identification of the ATLAS detector

4.1 Detector Simulation

The simulation program used for the ATLAS experiment is integrated into the so-

called Athena software framework [65], which adopts PYTHON as the object-oriented

scripting and interpreter language to configure and load C++ algorithms and objects.

Figure 4.2 shows the overview of the ATLAS simulation work flow. Firstly, certain MC

generators are used to produce events in the standard HepMC format. Afterwards, these

events are loaded into simulation, for which GEANT4 is used for the complete ATLAS

detector configuration. During the simulation process, the energies deposited in the

detector’s sensitive regions are recorded as hits (including information on the total energy

deposition, position, and time) and written into a simulation hit file. Then this hit

file is sent for digitization, which can construct digits and send inputs to the read out

drivers (RODs) of the detector electronics with the emulated functionality. After this,
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we can get the Raw Data Object (RDO) output file, which is equivalent to the recorded

data format file and then can be used for further reconstruction.

Figure 4.2: The schematic flow of the ATLAS simulation software, from event gener-
ators (top left) to reconstruction (top right).

4.1.1 Event generation

Event generation can produce a set of truth particles with a certain MC generator,

which later are sent to the detector simulation phase. The generated particles with a

lifetime cτ >10 mm are treated as stable ones by the generator and can reach and interact

with detector sensitive regions before further decaying. While the other particles with a

short lifetime (cτ <10 mm) are decayed by the generator, and their interactions with the

detector are neglected. HepMC format is adopted by the ATLAS experiment to record

the generated events, which contains a connected tree including the hierarchy (“parent”

or “child”) information of the particles.

Several widely-used MC generators with general purpose are Pythia 6 [66] (Pythia

8 [67]), Herwig++ [68] and Sherpa [69]. Figure 4.3 [70] depicts a truth event from the

hadron collider simulated by Sherpa, including the complete event generation process:

hard scattering, initial and final state radiation, parton shower, multiple interaction,

hadronization and decay.
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Figure 4.3: Sketch of a hadron-hadron collision event simulated by Sherpa generator.
The red blob in the center stands for the hard collision, which is surrounded by a tree-like
structure representing Bremsstrahlung simulated by parton showers. The purple blob
represents a secondary hard scattering event. Light green blobs indicate hadronization
process. Dark green blobs represent hadron decays. Yellow lines stand for signal soft

photon radiation.

4.1.2 Detector simulation

GEANT4 [71, 72] is adopted as the standard simulation for the ATLAS experi-

ment, which provides models for physics and infrastructure of the particle transportation

through the detector’s geometry. The events produced by the MC generators are taken

as the inputs for the GEANT4 simulation, and cuts and transformations can be made

to these events. The GEANT4 simulated information is added to the MC truth record,

which is defined from the generation step. Since many secondary tracks can be produced

during this simulation stage, therefore only those information from the interactions of

interest are stored, including the incoming particles, step sequence, vertex and also out-

going particles. The output format of the GEANT4 simulation is a hit file, which contains

the metadata depicting the configuration of the simulation during the run, all truth infor-

mation needed and also a set of hits for each subdetector. The full GEANT4 simulation

can be quite time consuming because of the complicated detector geometry. Instead sev-

eral fast simulation methods have been developed to meet the needs for large statistics

simulation, including Fast G4 Simulation [73], ATLFAST-I [74] and ATLFAST-II [75].
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4.1.3 Digitization

The hit file produced by GEANT4 simulation includes hard scattering signal, min-

imum bias, beam halo, beam gas and cavern background events. They are then sent

as inputs to the corresponding ATLAS software for digitization, which can convert hits

into detector response digits. Normally the digits can be produced if the voltage or cur-

rent for a specific readout channel surpasses a pre-defined threshold during a specific

time window. The pile-up effect is also mimiced from a soft-QCD process generated by

Pythia8 [67] during the digitization phase so as to save the simulation time. The output

of the digitization is written into RDOs as mentioned above. Besides, the digitization

can also produce Simulated Data Objects (SDOs), containing the information of all the

particles and noise contributing to the signal produced in a given sensor and the amount

of energy contributing to the signal by each. SDOs are mainly adopted to determine the

tracking efficiency and fake track rates. The output for this digitization stage can be

further used for object reconstruction which will be introduced in the following section.

4.2 Object Reconstruction

Figure 4.4 sketches the data flow for the ATLAS experiment [76]. After passing the

L1 and HLT triggers, the data are sent to Tier 0 for initial processing. A small amount

of express stream is processed for the purpose of online data quality monitoring. Besides,

a dedicated amount of data stream is sent out at the trigger level for the use of detector

alignment and calibration, which is normally performed within 24 hours after the data

taking. Through this step, the time-dependent calibrations and alignments together with

the beamspot position can be determined. These information are used for the further

bulk reconstruction that takes up the majority of the Tier 0 resources. For the end of

the reconstruction chain, the data are distributed to the Tier 1 and Tier 2 centers which

are used for the analysis and production of simulated data. Besides, the Tier 1 is also

used for the data reprocessing by re-running reconstruction with improved calibration

and alignment constants and with improved algorithms for reconstruction as well. This

section will describe the reconstruction of the physics objects for the ATLAS experiment,

including track, vertex, electron, muon, jet, b-jet and Emiss
T as well.
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Figure 4.4: The sketch of the data flow for the ATLAS experiment.

4.2.1 Track

There are two sets of independent track devices for the ATLAS experiment, one

of which is the inner detector (ID) close to the IP, while the other one is the muon

spectrometer (MS). The reconstructed charged-particle trajectories in the ID and MS

are referred to as ID tracks and MS tracks respectively. The ID track reconstruction

needs to cope with the high track density which imposes a large amount of combinatorial

track candidates, and the MS reconstruction is largely limited by the huge part of inert

material, the cavern background and also the highly inhomogeneous magnetic field.

4.2.1.1 Inner detector track

Figure 4.5 depicts the ID system with the new insertable B-layer (IBL) included.

The ID track reconstruction [77] contains two sequences: the inside-out as the primary

method and also a consecutive outside-in strategy.

For the inside-out, it makes use of the high granularity of the pixel and SCT to get

prompt tracks originating from the IP. As the first step, the spacepoint objects (three-

dimensional representations of the detector measurements) are created. And then the
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track seeds are formed by combining the spacepoints in the three pixel layers and the

first SCT layer. After this, these generated seeds are extended throughout the SCT to

form track candidates. Then these candidates are further fitted, and quality cuts are

applied as well to remove outlier clusters, reject fake tracks and resolve ambiguities in the

cluster-to-track association. In the end the selected tracks are extended into the TRT,

which are refitted with the full information of pixel, SCT and TRT detectors.

The outside-in, which is a complementary approach, starts track searching from

segments in the TRT and extends inwards to add silicon hits. This can help to improve

the tracking efficiency for secondary particles from conversions or decays of long-lived

particles.

Figure 4.5: Schematic view of the ATLAS inner detector showing all the correspond-
ing components, including the new new insertable B-layer (IBL).

4.2.1.2 Muon spectrometer track

The MS track reconstruction [78] starts with a search for hit patterns inside each

muon chamber to form segments. For each MDT chamber and neighbouring trigger

chamber, a Hough transform [79] is adopted to search for hits on a certain trajectory in

the bending plane. The MDT segments are reconstructed by performing a straight-line fit

to the hits in each layer, while the RPC or TGC hits can measure the coordinates which

are orthogonal to the bending plane. The CSC segments are built by using a separate

combinatorial search in the η and φ planes.
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Then the muon track candidates are built by fitting the hits from the reconstructed

segments in different layers. The algorithm adopted here carries out a segment-seeded

combinatorial searching which starts by using as seeds the segments generated in the

middle layers of the detector where more trigger hits are available. Then the searching is

extended to use the segments from the outer and inner layers as seeds. The segments are

selected by utilizing the criteria based on hit multiplicity and fit quality, and are matched

with their relative positions and angles. At least two matching segments are needed to

build a track, except for the barrel–endcap transition region where one single segment in

high-quality with η and φ information can be used to build a track. Initially one segment

can be used to build several track candidates. But later an overlap removal procedure

is performed to select the best assignment to a single track or allow for the segment to

be shared between two tracks. Besides, in order to guarantee the high efficiencies for

close-by muons, all tracks with segments in three different MS layers are kept if they are

identical in two out of three layers but share no overlapped hits in the outermost layer.

The associated hits for each track candidate are fitted with a global χ2 fit. And

the track is selected as candidate if the χ2 value of this fit passes the certain criteria.

Otherwise, those hits inducing large χ2 values are removed and then the fit is repeated.

Besides a hit recovery method is adopted to look for any additional hits which are consis-

tent with the trajectory of a track candidate, and the track refit is performed by adding

these additional hits.

4.2.2 Primary vertex

This subsection briefly introduces the reconstruction of the primary vertex (PV) [80]

by using a collection of reconstructed tracks as the inputs. For the tracks to be considered

as inputs, they need to pass a set of selection criteria as described below [81]:

• pT > 400 MeV

• |η| < 2.5

• Number of silicon hits ≥

9 if |η| ≤ 1.65

11 if |η| ≥ 1.65

• IBL hits+B-layer hits ≥ 1

• A maximum of 1 shared module (1 shared pixel hit or 2 shared SCT hits)
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• Pixel holes = 0

• SCT holes ≤ 1

The PV reconstruction is divided into two steps: vertex finding and vertex fitting.

The vertex finding represents the pattern recognition process, namely the association of

reconstructed tracks to the vertex candidates. While the latter one mainly copes with

reconstruction of the actual vertex position together with its covariance matrix.

The first step of the procedures is selecting a set of tracks passing the criteria de-

scribed above and then selecting a seed position for the first vertex. This seed position

is determined based on the beam spot in the transverse plane. And the transverse co-

ordinates (x and y) of the starting point are directly taken from the center of the beam

spot, while the z-coordinate is calculated as the mode of the z-coordinates of the tracks

located at their respective points with closest approach to the center of the beam spot.

After fixing the seed position, we can determine the vertex position by using an

adaptive vertex fitting algorithm. This algorithm performs an iterative χ2 minimisation

to find the optimal vertex position by using the seed position as the starting point and

parameters of reconstructed tracks as input measurements. For this fitting process, each

input track is assigned a weight, which reflects its compatibility with the vertex estima-

tion. The vertex position is re-calculated with the weighted tracks, and then the iterative

procedure is repeated by re-calculating track weight with respect to the new vertex po-

sition. Eventually after the last iteration, the final weight of each track adopted for the

vertex fit is estimated. And those tracks incompatible with the vertex by ≥ 7 σ are

removed from the vertex candidate and sent back to the category of unused tracks.

Once a vertex candidate is found, the rejected tracks are treated as the inputs for a

new vertex finding iteration. And the iterative procedures depicted above are repeated by

calculating a new starting position from remaining tracks until no un-associated tracks

are left in this corresponding event or no additional vertex is found in the remaining

tracks.

In the end, all the vertices with at least two associated tracks are treated as the

valid PV candidates. And generally for the physics analysis, the PV adopted is the

reconstructed vertex with the largest value of Σp2
T .
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4.2.3 Electron

At the ATLAS experiment, quite many physics processes of interest involve one or

multiple electrons or positrons, which hereafter are referred to as electrons collectively.

Electrons leave tracks in the ID and energy deposits in the EM calorimeter. The signa-

tures in the calorimeter are adopted in the L1 trigger system, and then combined with

the ID tracks to reconstruct the electron candidates, which are used for the HLT decision

algorithms. The candidates can be further distinguished from background (e.g. hadrons

and non-prompt electrons mainly coming from photon conversions and heavy flavor (b)

hadron decays) by using several sets of electron identification criteria depending on the

levels of signal acceptance versus background rejection efficiency. Such identification re-

quirements are determined based on the shapes of EM showers in the calorimeter together

with tracking and track-to-cluster matching quantities [82]. Besides, further criteria are

made to require electron candidates to be isolated from other activities in the calorimeter

or ID so as to enhance the background rejection capacity. This subsection gives brief

descriptions of the electron reconstruction, identification, and isolation.

4.2.3.1 Electron reconstruction

Electrons are reconstructed in the region of |η| <2.47 for the ATLAS detector and

can be separated into the following steps [83]:

As a first step, a sliding window with a size of 3×5 in units of 0.025×0.025 in in η×φ
is utilize to search for cluster seeds as longitudinal towers with total cluster transverse

energy beyond 2.5 GeV. Then the clusters are formed surrounding the seeds by adopting

a clustering algorithm [84] which can allow for the duplications to be removed.

Then we need to deal with the electron track reconstruction which can be divided

into two steps namely pattern recognition and track fit. The standard way for patter

recognition is to use the pion hypothesis for the energy loss caused by the interactions

with the detector material. If a track seed with a pT >1 GeV can not be extended

successfully to a full track with at least seven hits by using this pion hypothesis and it

falls into one of the EM cluster RoI, then another electron hypothesis which allows for

larger energy loss is adopted to re-perform the patter recognition. After this, track fit

is performed by using either of the hypotheses described above with the ATLAS Global

χ2 Track Fitter [85]. And if the track candidate fails the pion hypothesis track fit, it is

then refitted using the electron hypothesis. Once the tracks are obtained, they are loosely
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matched to the EM clusters by using the distance in η and φ between the position of the

track after extrapolation in the calorimeter middle layer and the cluster barycenter. And

the energy loss caused by the bremsstrahlung, together with the number of precision hits

in the SCT are taken into account for the matching conditions.

The next step is to reconstruct the electron candidate by matching the track candi-

date to the cluster seed. If several tracks satisfy the matching condition, a primary track

is chosen based on an algorithm [86] utilizing the cluster-track distance R with different

momentum hypotheses, the number of pixel hits together with the presence of a hit in

the first silicon layer. For those electron candidates without any associated tracks, they

are treated as photons and removed.

For the Run 2, additional requirements related to the impact parameters like d0/σd0 <5

and ∆z0sinθ <0.5 mm are applied to ensure the track associated with the electron to be

compatible with the PV, which can help to further reject background from conversions

and secondary particles. The d0 is the impact parameter representing the distance of

closest approach for the track calculated with respect to the beam line and σd0 is the

estimated uncertainty of d0. While z0 is calculated along the beam line direction, which

is the distance between the beam spot position and the point where d0 is measured. θ is

the polar angle of the track.

4.2.3.2 Electron identification

Electron identification algorithms are developed using the quantities related to the

electron cluster and track measurements, which include calorimeter shower shapes, the

information from TRT, track properties, track-cluster matching related variables and also

quantities that measure bremsstrahlung effects for separating signal from background. For

the Run 2, with the new IBL, the number of hits in the innermost pixel layer is adopted

for distinguishing between the electrons and converted photons. Besides, a likelihood

method based on the TRT high-threshold hits is developed to complement the lower

transition radiation absorption probability of the argon.

The baseline identification algorithm adopted for the Run 2 is the likelihood-based (LH)

method, which uses the multivariate analysis (MVA) technique to simultaneously eval-

uate several properties of the electron candidates for the selection decision. There are

three levels of identification working points (WPs) for the LH algorithm provided: Loose,

Medium and Tight, in the order of increasing background rejection. These three WPs are
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defined in such a way that the samples selected by them are subsets of one another, which

means that the electrons passing Medium can also be selected by Loose, while electrons

selected by Tight are also Medium electrons. Figure 4.6 depicts the performance of these

three LH WPs, and the signal (background) acceptance efficiencies for electron candidates

with ET = 25 GeV are in the range from 78 to 90% (0.3 to 0.8%) and increase (decrease)

with ET .

Figure 4.6: The identification efficiencies of different working points for Z → ee (left)
and dijet (right) samples.

4.2.3.3 Electron isolation

Electron isolation related variables are developed to help further separate signal

from background. In general these variables can quantify the energy of the particles

produced surrounding the electron candidate, which allows to distinguish the prompt

electrons from non-isolated candidates (e.g. electrons from converted photons, electrons

originating from heavy flavor hadron decays, and also light hadrons mis-identified as

electrons). There are two isolation variables developed:

• Calorimeter-based variable Econe0.2
T , which is defined as the sum of transverse ener-

gies of the topological clusters [87] calibrated at the EM scale within a cone size of

∆R=0.2 around the electron candidate cluster. For the sum calculation, only those

clusters with positive reconstructed energies are taken into account.

• Track-based variable pvarcone0.2T is defined as the sum of the pT of all the tracks origi-

nating from the PV, which pass quality requirements (ET >1 GeV, |∆z0sinθ| <3 mm

and also ID hits criteria) within a cone size of ∆R=min(0.2, 10 GeV/ET ) around the

electron candidate track. When calculating this sum, the electron candidate itself
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associated tracks (including the electron track and additional tracks from converted

bremsstrahlung photons) are not considered.

Figure 4.7 shows the distributions of these two isolation variables for the selected

electrons (ET >27 GeV and Tight requirement) from data and Z → ee samples. Based

on the quantities Econe0.2
T /ET and pvarcone0.2T /ET , a set of working points for the electron

isolation are developed and used for the physics analysis.

Figure 4.7: Distributions of Econe0.2T (left) and pvarcone0.2T (right) for selected electrons
of MC Z → ee and data samples.

4.2.4 Muon

Muons are quite common signatures in the final states of many physics analyses, in-

cluding the Higgs boson study, SM measurements, BSM physics searches and so on. This

subsection will describe muon reconstruction, identification, isolation, and momentum

scale and resolution [78].

4.2.4.1 Muon reconstruction

For the muon reconstruction, firstly the ID and MS tracks are formed indepen-

dently as described in Subsection 4.2.1. Then the combined ID-MS reconstruction is

carried out with several algorithm based on the information received from the ID, MS

and calorimeters. We can define four types of muons based on the subdetectors used in

the reconstruction.

• Combined (CB) muons: based on the reconstructed ID and MS tracks, a combined

track is formed with a global refit, which make use of the hits from the ID and MS
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subsystems. For this global fit, certain MS hits can be added to or removed from the

track in order to improve the fit quality. The outside-in pattern recognition (muons

are first reconstructed in the MS and then extrapolated inward to match an ID

track) is the primary strategy for reconstruction, while the inside-out approach (ID

track is extrapolated outward to match a MS track) is utilized as a complementary

method.

• Segment-tagged (ST) muons: an ID track is categorized as a muon if it is associated

with at least one local segment in the MDT or CSC when extrapolated to the MS.

Generally ST muons are adopted for those cases when muons cross only one layer

of the MS chambers, either due to their low pT or due to that they fall into the

regions with less MC acceptance.

• Calorimeter-tagged (CT) muons: if an ID track can be matched to an energy deposit

in the calorimeter which is consistent with a minimum-ionizing particle, then it is

classified as a CT muon. For the region |η| <0.1 and pT ranging between 15 and

100 GeV, the identification criteria for CT muons are optimal.

• Extrapolated (ME) muons: ME muons are reconstructed only based on the MS

track and a loose requirement on compatibility with originating from the IP. ME

muons generally need to pass through at least two layers of the MS chambers in

order to provide a track measurement, but for the forward region they are required

to pass through three layers. ME muons are basically designed for extending the

acceptance of muon reconstruction for the region 2.5 < |η| < 2.7, since there is no

associated ID track in that area.

The overlaps between these four different types are already dealt with before gen-

erating the collection of muons used for physics analyses. For example, when two muon

types share the same ID track, priority first goes to CB muons, then to ST muons and

finally to CT muons. And the overlaps with ME muons are settled by analyzing the track

hit contents and also selecting the track with a better fit quality and a larger number of

hits.

4.2.4.2 Muon identification

To suppress the background mostly from light hadron (e.g. pion or kaon) decays and

also keep a high selection efficiency for the prompt signal muons, the muon identification is
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carried out by using quality requirements (such as quality of the track fit). The variables

adopted in the muon identification for CB tracks include:

• q/p significance which is defined as the absolute value of the difference between the

q/p values measured in the ID and MS, divided by the sum in quadrature of their

corresponding uncertainties;

• ρ′ which is defined as the absolute value of the pT difference between the ID and

MS measurements divided by the pT of the CB track;

• Normalized χ2 value of the CB track fit;

• The number of hits in the ID and MS.

There are four working points developed for the muon identification to fulfill the

specific needs for different physics goals: Loose, Medium, Tight and High-pT . The Loose,

Medium and Tight are inclusive categories, which means that muons sorted into tighter

categories can also pass the looser requirements.

• Loose: this identification WP is developed to maximize the reconstruction efficiency

while providing the muon tracks in good quality. All the muon types described in

4.2.4.1 are adopted for Loose WP. For CB and ME muons, they are sorted into

Loose category if they satisfy the Medium WP (described below). And CT and ST

muons are required to reside in the |η| < 0.1 region.

• Medium: this one is the default identification WP used for muon selection, which

minimises the systematic uncertainties associated with muon reconstruction and

calibration. Only CB and ME muons are considered for Medium WP. The CB

muons are required to have ≥ 3 hits in at least two MDT layers, except for the

|η| < 0.1 region, where tracks are required to have one MDT layer and ≤ 1 MDT

hole layer. For the ME muons, they are required to have at least three MDT/CSC

layers, residing in the region 2.5 < |η| < 2.7. Besides, q/p significance is required

to be < 7, which can help to reduce the contamination from hadrons misidentified

as muons.

• Tight: this WP is designed to enhance the purity of muons with the cost of some

certain efficiencies. The candidates only come from the CB muons which pass the

Medium WP and have hits in at least two stations of the MS. In order to remove

pathological tracks, it is required that the normalized χ2 of the combined track fit

is less than 8.
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• High-pT : this WP is developed to guarantee the optimal momentum resolution

for muons with pT >100 GeV, which is mainly used for high-mass resonances

searches (adopted for the dilepton search of this thesis work). The CB muons

that satisfy the Medium WP and have at least three hits in three stations of the

MS are tagged as High-pT ones. And certain MS regions with suboptimal alignment

situation are removed for this WP identification.

Figure 4.8 shows the muon reconstruction efficiency as a function of η for Medium

and High-pT WPs, which is measured by using Z → µµ events for muons with pT >10 GeV.

Figure 4.8: Muon reconstruction efficiency as function of η for Medium (left) and
High-pT (right) derived from Z → µµ events for muons with pT >10 GeV. The left plot

also shows the efficiency of Loose in the region |η| < 0.1.

4.2.4.3 Muon isolation

Similar to the electron case, muon isolation is adopted as well to help to distin-

guish the prompt muons from non-prompt ones, and two isolation related variables are

developed. One is the track-based variable pvarcone30
T , which is defined as the scalar sum

of the pT of the tracks with pT >1 GeV within a cone size of ∆R=min(10GeV/pµT ,0.3)

around the muon candidate with pµT , and the candidate track itself is excluded. Another

one is the calorimeter-based variable Etopocone20
T , which is defined as the sum of the ET

of topological clusters within a cone size of ∆R=0.2 around the muon candidate, after

subtracting the contribution from the energy deposit of the muon itself and correcting
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for the pile-up effects. Based on these two variables, a set of isolation WPs are designed

and adopted for various analyses.

4.2.4.4 Muon momentum scale and resolution

Despite that the GEANT4 simulation covers a relatively accurate description for

the detector, the level of detail is not sufficient enough to precisely depict the muon

momentum scale to the 0.1% level and the muon momentum resolution to the 1% level.

Therefore the related corrections are derived and applied to the simulated muon pT . Muon

momentum calibration is referred to as the procedure to identify the corrections to the

simulated pT reconstructed in the ID and MS in order to accurately describe the same

quantities measured in data. The symbols pIDT and pMS
T are used to represent the pT of

the ID and MS components for a CB track. And the corrected transverse momentum

p
Cor,Det)
T (Det=ID,MS) can be expressed into the equation below:

pCor,DetT =

pMC,Det
T +

1∑
n=0

sDetn (η, φ)(pMC,Det
T )n

1 +
2∑

m=0

∆rDetm (η, φ)(pMC,Det
T )m−1gm

. (4.1)

Here pMC,Det
T is the uncorrected transverse momentum from simulation, sDetn (η, φ) and

∆rDetm (η, φ) represent the momentum scale and resolution smearing corrections in a certain

(η, φ) region respectively, and gm are normally distributed random variables with mean

value of zero and unit width. The corresponding numerator depicts the momentum

scales part. The sDet1 term accounts for the correction of inaccuracy in the description

of the magnetic field integral and also the dimension of the detector in the direction

perpendicular to the magnetic field. And the sMS
0 (η, φ) is used to model the effect on

the MS momentum coming from the inaccuracy of the simulation for the energy loss

in the calorimeter and materials between the IP and MS. While sID0 (η) is set to be

zero since the energy loss between the IP and ID is negligible. The denominator of the

Equation 4.1 represents the momentum smearing term which broadens the relative pT

resolution σ(pT )/pT from simulation, in order to describe the data more precisely. Based

on assumption, we can parameterize the σ(pT )/pT term into the following equation:

σ(pT )

pT
= r0/pT ⊕ r1⊕ r2 · pT , (4.2)
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with ⊕ representing the sum in quadrature. The first term of Equation 4.2 mainly

accounts for the fluctuations of the energy loss in the traversed material, and the second

term mainly accounts for multiple scattering, local magnetic field inhomogeneities and

local radial displacements of the hits, while the third term is mainly used to represent

intrinsic resolution effects due to the spatial resolution of the hit measurements and also

due to residual misalignment of the MS. The terms ∆rID0 and ∆rMS
0 are set to be zero

given the fact that the energy loss is negligible in both the ID and MS measurements.

By combining the corrected pT of the ID and MS components derived from Equa-

tion 4.1 with a weighted average, we can express the final corrected momentum for the

combined muons, pCor,CBT , into the formula:

pCor,CBT = f · pCor,IDT + (1− f) · pCor,MS
T . (4.3)

Here, f represents the weight, which is derived from the linear equation below:

pMC,CB
T = f · pMC,ID

T + (1− f) · pMC,MS
T , (4.4)

which is based on the assumption that the relative contribution of the ID and MS to the

CB muons stays unchanged before and after the momentum corrections applied.

4.2.4.5 Impact of ID−MS alignment on high pT muon resolution

As we know the precision of muon detector alignment plays a crucial role for the

high pT muon resolution. This small subsection will describe the study of ID−MS align-

ment impact on resolution, which my colleague and I have performed within the muon

performance group. The goal for this study is to validate the alignment simulation in

MC samples by comparing to data, and also demonstrate whether there is potentially

improved space for high pT muon resolution with a better alignment scenario.

Four slices of MC samples corresponding to different alines smearing situations

are adopted, which are 0.1, 0.3, 1.0 and 3.0 mm representing the errors on ID−MS mis-

alignment. The smearing is also applied to the parameters affecting MS internal alignment

like sagitta and hits positions, however this is not so relevant for this study here. In the

meanwhile, around 30 fb−1 data samples are processed for the comparisons with MC.

Two variables sensitive to the ID−MS alignment are used: ∆z0 = (zID0 −zMEMS
0 )×

sinθID and ∆θ = θMEMS−θID. Here ID represents the inner detector track, while MEMS
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represents the MS track which is extrapolated back with energy correction but without

constrained to the PV. zID0 and zMEMS
0 denotes the longitudinal impact parameter cal-

culated with respect to the beam line for ID and MEMS tracks. And θID and θMEMS

are the polar angles of these two tracks. For this study, only muons with pT surpassing

300 GeV are selected. And two sets of muon identification WPs are tested: Medium and

High-pT .

The ∆z0 and ∆θ distributions are checked in each η − φ sector using the MC and

data samples and the mean value of the corresponding distributions are plotted into

η− φ 2D maps as shown in Figure 4.9 and Figure 4.10 with Medium WP applied. While

Figure 4.11 depicts the mean value distributions in each sector for these two variables.

The 2D maps and 1D distributions for High-pT WP show similar patterns, which is also

expected since the relative alignment between the ID and MS is an intrinsic feature for

the detector. As shown in these figures, through the comparisons, the actual ID−MS

mis-alignment situation in the data is more close to alines 1 mm scenario.

The combined muon pT resolution is compared for the four slices of MC samples,

which is shown in Figure 4.12. It can be seen that the resolution is strongly dependent

on alignment, and such impact is enlarged with the muon pT increasing.

Furthermore, in order to quantitatively assess the impact on pT resolution with an

improved alignment situation, attempts are made to correct zMEMS
0 and θMEMS with

respect to the ID track based on the mean value in each η − φ sector as shown in Fig-

ure 4.9 and Figure 4.10. After the correction, a statistical combination between the ID

and MEME tracks is performed to demonstrate the improvement on the combined muon

pT resolution. Figure 4.13 depicts the corresponding comparisons with and without cor-

recting the relative mis-alignment between the ID and MS detectors for alines 1.0 mm

sample. And clear improvement can be observed with the correction, and especially for

the very high pT end around 1 TeV, the relative improvement is about 5%.

For the next steps, more efforts will be carried out by using the official reconstruc-

tion method (combined fit for the hits in the ID and MEMS tracks), expecting to more

precisely quantify the gain on muon pT resolution with ID−MS mis-alignment corrected.

Ideally, this can be potentially adopted for the samples reprocessing during the summer.
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Figure 4.9: Mean value of ∆z0 distribution in each sector versus muon ID track η and
φ with Medium WP applied for MC alines 0.1 (top left), 0.3 (top right), 1.0 (middle

left), 3.0 mm (middle right) and data (bottom) samples.

4.2.5 Jet

Jets, composed of collimated showers of hadrons, are prevalent final states for many

physics analyses at the LHC (including SM measurements, Higgs related topics and also

BSM new phenomena searches). Besides, they are also sensitive to the topology of vec-

tor boson fusion/scattering (VBF/VBS) related processes. The jets are reconstructed by

using the clustering algorithm based on a collection of input four-vectors, which are gen-

erally acquired from topologically associated energy deposits, charged tracks or simulated

particles. This subsection will describe the jet reconstruction and jet energy scale (JES)

calibration [88] and following that the b-tagging technique [89] will be briefly introduced

as well.
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Figure 4.10: Mean value of ∆θ distribution in each sector versus muon ID track η and
φ with Medium WP applied for MC alines 0.1 (top left), 0.3 (top right), 1.0 (middle

left), 3.0 mm (middle right) and data (bottom) samples.
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Figure 4.11: Mean value distributions in each η−φ sector for ∆z0 (left) and ∆θ (right).
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Figure 4.12: Comparisons of pT resolution for four MC alines smearing samples with
Medium WP (left) and High-pT WP (right) applied.
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Figure 4.13: Comparisons of pT resolution for MC alines 1.0 mm sample w/o ID−MS
alignment correction with Medium WP (left) and High-pT WP (right) applied.

4.2.5.1 Jet reconstruction

Jets are reconstructed from the calorimeter clusters at the EM energy scale using

the anti-kt algorithm [90] and radius parameter R = 0.4. The FASTJET 2.4.3 software

package [91] for the jet reconstruction, with a set of three-dimensional, massless, posi-

tive energy topological clusters (topo-clusters) comprised of calorimeter cell energies as

the inputs. The topo-clusters are built from nearby calorimeter cells, which contain a

significant energy beyond a certain noise threshold estimated from the measurements of

the calorimeter electronic noise and simulated pile-up noise. The so-called truth jets are

reconstructed with the anti-kt algorithm and R = 0.4 as well, with the stable final-state

particles from MC generators treated as the inputs. And the truth jets with pT >7 GeV

and |η| <4.5 are adopted for the studies of jet calibration with MC simulation.
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The charged tracks used for the jet calibration are reconstructed in the ID accep-

tance range |η| <2.5 as described in the previous contents, which are required to pass the

normal requirement for track selection. And then the selected tracks are assigned to jets

using the ghost association [92], a procedure which treats the tracks as four-vectors of

infinitesimal magnitude for the jet reconstruction and assigns them to the jet which they

are clustered with. Muon segments used for the jet calibration are treated as a proxy for

the un-captured jet energy carried by those particles which pass through the calorime-

ters but without being completely absorbed. Similar to the ID track, muon segments

are also assigned to the jets reconstruction with ghost association and treated as input

four-vectors with infinitesimal magnitude.

4.2.5.2 Jet energy scale calibration

Figure 4.14 depicts an overview of the calibration workflow for the EM-scale jets.

Through this process, the jet energy scale can be restored to that of the truth jets which

are reconstructed at the particle-level energy scale.

As the first step, the origin correction is performed by recalculating the four-

momentum of jets to point to the hard-scatter PV instead of the center of the detector,

while the jet energy is kept unchanged for this step. This correction step can improve the

η resolution for the jets, which is the measured difference between reconstructed jets and

truth jets for MC. Then for the next step, the pile-up effect is corrected to remove the

excess energy caused by in-time and out-of-time pile-up. This correction step contains

two parts: an area-based pT density subtraction which is applied on top of each event,

and a residual correction which is derived from the simulation. After this, the absolute

JES calibration is performed to correct the jet four-momentum to the particle-level en-

ergy scale, which is derived with the truth jets in the dijet MC sample. Then after this,

by making use of the calorimeter, MS and also track-based variables for the global se-

quential calibration, we can further improve the reconstructed energy and corresponding

uncertainties as well. In the end, as shown in the figure, a residual insitu calibration

is adopted for the jet correction in data with the well-measured reference objects, like

photons, Z bosons and also calibrated jets.
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Figure 4.14: Schematic workflow of the calibration stages for EM-scale jets. Each
stage of the calibration is applied to the four-momentum of the jet except for the origin

correction.

4.2.5.3 b-jet tagging

The identification of jets containing b-hadrons (b-tagging) is important for the

physics processes involving the b or t quark. Besides for quite some analyses (includ-

ing the search for SM Higgs decaying into dimuon which will be described in the latter

section), usually we apply a b-tagging jet veto to suppress the top-antitop process. There

are three basic b-tagging algorithms [93] for the identification of b-quark jets for the

ATLAS experiment: impact parameter based algorithms (IP2D and IP3D), secondary

vertex finding algorithm (SV) and decay chain multi-vertex algorithm (JetFitter). Then

the output of these three b-tagging algorithms are combined together in a multivariate

discriminant (MV2), which is algorithm adopted by default for the ATLAS experiment.

Since the b-hadrons generally have a long lifetime (∼1.5 ps, cτ∼450 µm), we can

develop the lifetime-based tagging algorithms by exploiting this property. Figure 4.15

depicts the typical topology of the b-hadron decay: a secondary vertex (SV) displaced from

the PV. As a result, the tracks produced from b-hadron decay generally have larger impact

parameters (d0 and z0sinθ). And we can further assign a sign to these corresponding

impact parameters depending on whether the PV is in front of the SV or behind it with

respect to the jet direction. For the latter case when the SV is behind the PV, normally

this is due to the light quark background. The impact parameter taggers IP2D and IP3D

are developed based on this sign convention. The IP2D tagger uses d0/σd0 as discriminant

while IP3D makes use of both d0/σd0 and z0sinθ/σz0sinθ in a two-dimensional template

by taking into account their correlation as well. The SV finding algorithm is designed to

reconstruct an inclusive displaced SV within the jet. Basically, all the track pairs within

a jet are tested with a two-track vertex hypothesis. And the two-track vertices found are

removed if they are more likely originating from the decay of the long-lived particle (e.g.
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Figure 4.15: Diagram showing the b-hadron decay.

Ks or Λ), photon conversions or hadronic interactions with the detector material. For

the remaining two-track vertices, a new vertex is fitted with all the tracks associated with

these accepted vertices, where outliers are removed iteratively from this set of tracks.

The tracks used to form the possible two-track vertices are required to pass the track

quality criteria. And the formed candidates for two-track vertices need to be displaced

significantly from the PV.

Another algorithm, JetFitter [94], is based on the decay chain multi-vertex recon-

struction, which makes use of the topological structure of weak b− and c−hadron decays

inside the jet and attempts to reconstruct the full b−hadron decay chain. A Kalman

filter is adopted to search for a common line that the PV and the b and c vertices lie on,

approximating the b−hadron flight path together with their positions.

The final identification algorithm used for physics analyses is MV2, which is a

Boosted Decisions Tree (BDT) [95] based algorithm, by combining the output of the

basic taggers as described above. The MV2 can achieve a much better discriminating

power comparing with the basic algorithms individually. The BDT training is performed

using the jets from tt̄ sample: b-jets treated as signal, while c and light-flavor jets treated

as background. In the end there are three MV2 variants provided: MV2c00, MV2c10

and MV2c20, depending on the varying c−jet fraction in the training. For example, the

c−jet fraction used for MV2c20 is 15%, which means that the training is performed with

b−jets regarded as signal and a mixture of 85% light-flavor jets and 15% c−jets regarded
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as background. For the training of MV2c10, the c−jet fraction adopted is 7%. And for

MV2c00, no c−jet is used for the training.

4.2.6 Missing transverse energy

For many physics processes, neutrinos are involved in the final states and they do

not interact with any materials of the detector. Based on the conservation of momentum

in the plane transverse to the beam axis z, the neutrinos can result in imbalance which is

known as the missing transverse momentum denoted as Emiss
T . The Emiss

T adopted for this

thesis work is reconstructed with the so-called track-based soft term (TST Emiss
T ) [96],

which comprises contributions from the hard term (reconstructed and fully calibrated

physics objects that are selected) and soft term (reconstructed tracks associated with the

hard scatter vertex which are not associated to the hard term).

For each event, Emiss
x(y) , the two components of Emiss

T , can be calculated as [97]:

Emiss
x(y) = Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y) + Emiss,jets
x(y) + Emiss,µ

x(y) + Emiss,soft
x(y) . (4.5)

Here each object term represents the negative vectorial sum of the momenta for the

corresponding calibrated objects. The calorimeter signals are associated with the recon-

structed objects of Equation 4.5 in the following order: e, γ, hadronically decaying τ , jets

and µ. Further we can write the azimuthal angle φmiss and the magnitude of Emiss
T into

the formulas as below:

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2, (4.6)

φmiss = arctan(Emiss
y /Emiss

x ). (4.7)

The physics objects (e.g. track, e, γ, µ, τ and jet) are required to pass certain criteria

and calibrated before taken as inputs for the Emiss
T reconstruction. The TST is built

from the tracks passing the standard track quality requirements but not matched to any

hard objects. And only the tracks associated with the PV, satisfying the requirements

related to the longitudinal and transverse impact parameters, are considered. As a result,

the TST Emiss
T can mitigate the pile-up effect, but it does not consider the contributions

originating from the soft neutral particles.
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Search for Standard Model Higgs

Boson with the Dimuon Final State

5.1 Introduction

As described in the theory section, the Higgs mechanism was introduced to explain

the origin of gauge bosons’ mass and it predicted the existence of the Higgs boson (H),

a neutral scalar particle. In 2012, the ATLAS and CMS collaborations announced the

discovery of a new particle with a mass of around 125 GeV [27, 28], which has the

properties consistent with those of the predicted SM Higgs boson.

Study on the Higgs boson decaying into fermions is very crucial for understanding

the properties of the Higgs boson and also assessing whether the related SM prediction

can be well examined. For the ATLAS experiment, searches have been carried out for

these three fermion channels: H → bb̄, H → τ+τ− and H → µµ. The branching ratios

for their decays are proportional to their corresponding masses respectively. As a result,

H → µµ is the one with the smallest branching ratio among the three channels, which is

2.18× 10−4 for mH = 125 GeV. Nevertheless, the H → µµ is a sensitive channel to study

the Higgs boson’s couplings to the second generation of fermions with a relatively clean

final-state signature. The dominant and irreducible background as well for this channel

is coming from Z/γ∗ → µ+µ− process, which has a very large production rate.

A search for the H → µµ process was performed by the ATLAS collaboration using

data recorded in 2011 and 2012 (LHC Run 1) [29] corresponding to a total integrated

luminosity of 24.8 fb−1 (4.5 fb−1 at
√
s=7 TeV and 20.3 fb−1 at

√
s=8 TeV). For a
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Higgs boson with mH = 125 GeV, the observed (expected) upper limit on the signal

strength (the measured production rate divided by the SM predicted one: σmeasure/σSM)

was set to be 7.1 (7.2) at the 95% confidence level (CL). The CMS collaboration also

carried out this search using the data collected during the Run 1 [30]. And the observed

(expected) upper limit on the signal strength from the CMS was 7.4 (6.5) at the 95% CL

for mH = 125 GeV.

This chapter will describe the search for H → µµ process based on the data col-

lected in 2015 and 2016 corresponding to a total integrated luminosity of 36.1 fb−1 at

the LHC Run 2 with the center-of-mass energy increased to 13 TeV. The signal signature

is two isolated muons with opposite charge sign. And to enhance the signal sensitivity,

categorization method is adopted to exploit the characteristic topology for the two dom-

inant Higgs production modes: gluon-gluon fusion (ggF) and vector-boson fusion (VBF).

For VBF process, signal events tend to have two high-pT jets in the two opposite detector

hemispheres. And the multivariate technique (BDT) [95] is introduced to this analysis

for the first time and used to define two VBF related categories, which helps to im-

prove the final signal sensitivity by more than 10% comparing with the purely cut-based

method from the Run 1. For ggF process, due to the gluon initial state radiation, signal

events tend to have larger jet multiplicity comparing with the dominant Drell-Yan back-

ground, and therefore the ggF signal tends to have a relatively harder distribution for the

transverse momentum of the dimuon system (pµµT ). Besides, the muon momentum reso-

lution in the central region (|η| <1) is better than that in the end-cap region ((|η| >1).

Thus another six categories are defined for ggF process based on pµµT and η of the two

muons. After the categorization, a simultaneous fit to the observed data distributions for

the dimuon invariant mass mµµ across all the categories is performed to derive the final

signal strength.

5.2 Data and MC samples

The data samples used for this analysis are equivalent to an integrated luminosity

of 36.1 fb−1, which were collected at
√
s=13 TeV during 2015 and 2016. And the physics

main stream is adopted and data quality checks are performed before they are used for

analyzing. Figure 5.1 depicts the ATLAS online luminosity recorded and also the mean

number of interactions per crossing in 2015 and 2016.
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Figure 5.1: Total integrated luminosity recorded online at the ATLAS experiment in
2015 (left) and 2016 (middle), and the mean number of interactions per crossing for

these two years (right).

Despite the fact that this analysis is based on a data-driven approach, MC simulated

samples are still adopted for validating the background fitting function, selection opti-

mization and categorization development. Dominant background contribution is coming

from the Drell-Yan (DY) process, for which the nominal samples adopted are sliced in

Ht (scalar sum of pT of all the partons) and generated with MadGraph5 [98] interfaced

to Pythia8 [67] with NNPDF23LO [99] parton distribution function (PDF) set. Besides,

alternative Drell-Yan samples are used for estimating the systematic uncertainty coming

from background modeling function, which are generated with Powheg-box v2 [100] at

next-to-leading order (NLO) in QCD using the CT10 [101] parton distribution PDF set

and Pythia8 for parton showering and hadronization. Electroweak Zjj process through

VBF production is simulated with Sherpa [69]. Other sub-dominant background like

the tt̄ and single-top processes are simulated with Powheg-Box v2 using CT10 PDF

interfaced to Pythia6 [66] for parton shower, using the Perugia2012 [102] tune with

CTEQ6L1 [103] PDF for the underlying event descriptions. While EvtGen v1.2.0 [104]

is used for properties of the bottom and charm hadron decays and the mass of the top

quark is set as mt = 172.5 GeV. For signal-top samples, each process (t-channel, s-

channel and Wt-channel) is separately generated. The other background coming from

diboson processes (WW , WZ and ZZ) are simulated with Sherpa with the CT10 PDF

set. Table 5.1 summarizes the simulated background processes adopted for this analysis.

Signal samples through the ggF and VBF production modes are generated with

Powheg-box v2 at next-to-leading order (NLO) in QCD with the CT10 PDF set and

Pythia8 used for parton showering and hadronization. And the signal events throught

the production associated with a W or Z boson (VH) are simulated with Pythia8 at LO

with the NNPDF23LO PDF set and the ATLAS A14 set of tuned parameters [105] used

for the event generation, parton showering and hadronization. For the VH samples, the
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DCID Processes Cross section (pb) Sum of MC event weights
361107 PowhegPythia8EvtGen AZNLOCTEQ6L1 Zmumu 1950.63 147334693300
363123 MGPy8EG N30NLO Zmumu Ht0 70 CVetoBVeto 1626.75 1967220
363124 MGPy8EG N30NLO Zmumu Ht0 70 CFilterBVeto 212.08 576685
363125 MGPy8EG N30NLO Zmumu Ht0 70 BFilter 115.82 511660
363126 MGPy8EG N30NLO Zmumu Ht70 140 CVetoBVeto 69.29 675161
363127 MGPy8EG N30NLO Zmumu Ht70 140 CFilterBVeto 16.80 198836
363128 MGPy8EG N30NLO Zmumu Ht70 140 BFilter 10.45 118075
363129 MGPy8EG N30NLO Zmumu Ht140 280 CVetoBVeto 27.61 106655
363130 MGPy8EG N30NLO Zmumu Ht140 280 CFilterBVeto 8.17 38255.8
363131 MGPy8EG N30NLO Zmumu Ht140 280 BFilter 5.16 13249.1
363132 MGPy8EG N30NLO Zmumu Ht280 500 CVetoBVeto 5.87 161673
363133 MGPy8EG N30NLO Zmumu Ht280 500 CFilterBVeto 2.13 75370.6
363134 MGPy8EG N30NLO Zmumu Ht280 500 BFilter 1.33 50458.4
363135 MGPy8EG N30NLO Zmumu Ht500 700 CVetoBVeto 0.87 16554.5
363136 MGPy8EG N30NLO Zmumu Ht500 700 CFilterBVeto 0.36 15240.5
363137 MGPy8EG N30NLO Zmumu Ht500 700 BFilter 0.22 17186.1
363138 MGPy8EG N30NLO Zmumu Ht700 1000 CVetoBVeto 0.28 8331.76
363139 MGPy8EG N30NLO Zmumu Ht700 1000 CFilterBVeto 0.13 8347.54
363140 MGPy8EG N30NLO Zmumu Ht700 1000 BFilter 8.12×10−2 7753.34
363141 MGPy8EG N30NLO Zmumu Ht1000 2000 CVetoBVeto 9.33×10−2 7563.37
363142 MGPy8EG N30NLO Zmumu Ht1000 2000 CFilterBVeto 4.53×10−2 1642.3
363143 MGPy8EG N30NLO Zmumu Ht1000 2000 BFilter 2.90×10−2 1668.07
363144 MGPy8EG N30NLO Zmumu Ht2000 E CMS CVetoBVeto 3.56×10−3 1617.16
363145 MGPy8EG N30NLO Zmumu Ht2000 E CMS CFilterBVeto 1.85×10−3 1544.97
363146 MGPy8EG N30NLO Zmumu Ht2000 E CMS BFilter 1.05×10−3 1553.63
410009 PowhegPythiaEvtGen P2012 ttbar hdamp172p5 dil 87.63 39598300
410011 PowhegPythiaEvtGen P2012 singletop tchan lept top 44.15 0.22
410012 PowhegPythiaEvtGen P2012 singletop tchan lept antitop 26.23 0.13
410015 PowhegPythiaEvtGen P2012 Wt dilepton top 3.78 993200
410016 PowhegPythiaEvtGen P2012 Wt dilepton antitop 3.77 991600
361063 Sherpa CT10 llll 11.69 2131120
361064 Sherpa CT10 lllvSFMinus 1.68 439585
361065 Sherpa CT10 lllvOFMinus 3.30 878139
361066 Sherpa CT10 lllvSFPlus 2.12 588399
361067 Sherpa CT10 lllvOFPlus 4.57 1180790
361068 Sherpa CT10 llvv 12.74 4040330
361094 Sherpa CT10 WqqZll 3.12 302171
361096 Sherpa CT10 ZqqZll 2.14 2656620

Table 5.1: Summary of the MC simulated background samples adopted, including
Drell-Yan, tt̄, single-top and diboson processes.

hadronic and leptonic decays of the W or Z boson are generated separately. The signal

samples are generated at multiple mass points for mH from 100 GeV to 150 GeV with an

interval of 5 GeV. Table 5.2 summarizes the signal samples for mH =125 GeV used for

this analysis.

DCID Processes Cross section (pb) Sum of MC event weights
341195 PowhegPythia8EvtGen CT10 AZNLOCTEQ6L1 ggH125 mumu 1.06×10−2 28894697
341206 PowhegPythia8EvtGen CT10 AZNLOCTEQ6L1 VBFH125 mumu 8.23×10−4 3890370
343345 Pythia8EvtGen A14NNPDF23LO WqqH125 mumu 2.01×10−4 43000
343356 Pythia8EvtGen A14NNPDF23LO ZqqH125 mumu 1.34×10−4 30000
343964 Pythia8EvtGen A14NNPDF23LO WlvH125 mumu 9.74×10−5 25000
343975 Pythia8EvtGen A14NNPDF23LO ZllH125 mumu 1.94×10−5 15000

Table 5.2: Signal samples (ggF, VBF and VH) for mH =125 GeV.
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To take into account the pile-up effect, additional pp collisions generated with

Pythia8 are overlaid for all simulated events. And all the MC samples need to go

through the full ATLAS detector simulation based on Geant4 [71] and are further pro-

cessed with the same reconstruction algorithm as used for data.

5.3 Object and Event Selection

5.3.1 Object level selection

The object reconstruction has been described in Section 4.2. For this analysis,

muons are the main signal signatures. Additionally, jets are used for VBF categories

selection and Emiss
T is used for rejecting top quarks and diboson related background

processes. Besides, electrons are also required to be identified in order to remove overlaps

with jets. This subsection depicts the criteria used for object level selection together with

the overlap removal requirement between the objects.

5.3.1.1 Muons

For the signal selection, only the combined (CB) muons satisfying the medium WP

are taken into account. And muon’s pT is required to surpass 15 GeV and its |η| is

within ID acceptance (|η| < 2.5) to suppress the QCD background and guarantee the

reconstruction quality of the CB muons as well. The pT requirement has minimal impact

on the signal muons, since muons from the Higgs and high mass Drell-Yan decays have

genuinely large pT . Furthermore, muons are required to pass the “LooseTrackOnly”

isolation WP which is based on the pvarcone30
T variable as described in 4.2.4.3, which can

provide a flat ∼99% efficiency for all the phase spaces of the signal muons. Figure 5.2

depicts the isolation efficiencies from Drell-Yan MC events, for various isolation WPs as a

function of muon pT , showing that the adopted “LooseTrackOnly” WP gives the highest

selection efficiency. Then in order to reduce the non-collision muons either originating

from pile-up vertices or cosmic rays, the muons are further required to satisfy certain

requirements on the impact parameters. The impact parameter on the transverse plane

is defined with respect to the beam line (dBL0 ), and its significance is required to be less

than three, |dBL0 significance| < 3. The major consideration of using dBL0 instead of d0

which is calculated with respect to the PV (adopted during the Run 1) is for the simplicity

of implementation as well as the fact that beam spot is expected to be much narrower
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than the resolution of the PV in the transverse plane. Besides, the longitudinal impact

parameter is defined against the PV and required to be less than 0.5 mm: |zPV0 ×sin(θ)| <
0.5 mm. All the muon related selection criteria are summarized in Table 5.3.
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Figure 5.2: Isolation efficiency versus leading muon pT (left) and subleading muon
pT (right) for various isolation working points. The efficiency is defined with regarding
to muons selected with all the other criteria defined in Table 5.3 except the isolation
cut. The “LooseTrackOnly” working point is used in this analysis. Plotted efficiencies

are calculated from MC Drell-Yan events.

The MC efficiencies for identification and isolation selections, together with the

muon momentum scale and resolution are corrected to match the data based on the Tag-

and-Probe studies with Z and J/ψ events. The relevant analysis packages (based on

analysis release 2.4.22) for implementing the muon selections or making corrections to

the MC are summarized below:

• MuonEfficiencyCorrections-04-00-02

• MuonSelectorTools-00-05-33

• MuonMomentumCorrections-01-00-37

5.3.1.2 Jets

The calibrated jets adopted for this analysis are the so-called “Antikt4TopoEM”

jets. They are required to satisfy pT > 25 GeV in the central region (|η| < 2.4) while

pT > 30 GeV in the forward region (2.4 < |η| < 4.5). The increased threshold in the high

η region is the consideration of mitigating the pile-up effect.
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Muon Selection
Identification Medium and Combined muons

ID hits: npixelhits > 0, nSCThits > 4, npixel+SCTholes < 3

nTRThits+outliers > 5 and nTRThits > 0.1× nTRThits+outliers for 0.1 < |η| < 1.9

MDT/CSC hits: nlayers > 1 for |η| > 0.1, nlayers >= 1 and nlayerholes < 2 for |η| < 0.1

where hit layers are defined for layers in MDT or CSC with at least three hits

Track Quality: q/p significance < 7
pT > 15 GeV
|η| < 2.5
Isolation pass “LooseTrackOnly”

Impact Parameters |dBL0 significance| < 3, |zPV0 × sin(θ)| < 0.5 mm

Table 5.3: Summary of the muon object selection criteria used in this analysis.

In order to reject the fake jets induced by the significant coherent or sporadic noise

in the LAr calorimeters, the jets tagged as “BadLoose” [106] are removed from the event.

The “BadLoose” selection is implemented by cutting on the quantities which can discrim-

inate between the good and fake jets, such as pulse shape of the LAr calorimeter cells,

total energy of cells that have negative energy, maximum ratio of energy deposited in one

single calorimeter layer over total energy of a jet, and fraction of sum pT of associated

tracks over the jet pT as well.

Then to further reduce pile-up jets, a requirement on the Jet Vertex Tagger (JVT) [107]

is applied. The JVT is constructed as a 2D likelihood using two discriminating variables

based on tracks associated with a jet: ratio of scalar pT sum of tracks originating from

the PV over scalar pT sum of all tracks or the jet pT . Jets with pT < 60 GeV and |η < |
2.4 are required to have JVT > 0.59.

Besides, in order to suppress the tt̄ background, b-jets are identified using the

MV2c10 tagger [89] and vetoed. For this analysis, jets with |η| < 2.5 and pT >20 GeV,

which satisfy MV2c10 weight>0.9349, are identified as b-jets. And the selection of

MV2c10 tagger has an efficiency of around 60% for b-jets and a strict rejection for light-

flavour and charm jets (more than 95.5% rejection).

All the jet selection criteria are summarized in Table 5.4.

5.3.1.3 Electrons

Electrons are not explicitly selected in this analysis, instead they are only used for

electron-jet overlap removal. The candidates are required to pass the medium WP [83],
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Jet Selection
Algorithm “Antikt4TopoEM”
|η| < 4.5
pT > 25 GeV for |η| < 2.4, > 30 GeV for 2.4< |η| < 4.5
Cleaning Not “LoosBad” jet
JVT > 0.59 for pT < 60 GeV and |η| < 2.4
b-jet Pass MV2c10 60% working point for |η| < 2.5

Only used for the purpose of b-veto
pT > 20 GeV for b-jets

Table 5.4: Summary of the jet selection criteria used in this analysis.

with ET > 7 GeV and |η| <2.47 but excluding the region for 1.37 < |η| < 1.52. Electrons

are rejected if their clusters are found to be “BADCLUSELECTRON” so as to remove

the bad electrons with presence of a dead FEB in the first or second sampling, a dead HV

region affecting the three samplings or a masked cell in the core. Then the electrons are

required to satisfy the criteria related to the impact parameters: |dBL0 significance| < 5

and |zPV0 × sin(θ)| < 0.5 mm. Additionally, electrons need to pass the “loose” isolation

WP (based on topoetcone20 and ptvarcone30 variables) to further remove background

electrons induced by pile-up or hadron decays.

The entire electron selection criteria for this analysis are summarized in Table 5.5.

Electron Selection
Identification “medium” likelihood
pT > 7 GeV
|η| < 2.47 excluding crack region (1.37< |η| <1.52)
Quality Not “BADCLUSELECTRON”
Isolation “loose” working point
Impact Parameters |dBL0 significance| < 5 and |zPV0 × sin(θ)| < 0.5 mm

Table 5.5: Summary of the electron selection criteria used in this analysis. Please
note electrons are not explicitly used, instead they are mainly taken into account in the

electron-jet overlap removal.

5.3.1.4 Emiss
T

The Emiss
T used for this analysis is calculated based on the reconstructed and cali-

brated physics objects (including µ and e passing the object selection defined in 5.3.1.1
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and 5.3.1.3 as well as all the jets), together with the track-based soft term built from the

detector signals not associated with the physics objects. The “METMaker” package is

used for rebuilding Emiss
T .

5.3.1.5 Overlap removal between objects

Despite that different physics objects are reconstructed based on their individual

algorithms with different detector signatures, there are still overlaps between them due

to common detector inputs used for the reconstruction (e.g. electrons and jets built using

common tracks and clusters) or physics connection between two objects (e.g. e from

muon bremsstrahlung or muons from hadron decays inside the jets). For these cases, it

is essential to carefully remove the overlaps and avoid the double counting any detector

signatures in the final state.

The following strategy of overlap removal, as recommended by the performance

groups and implemented in the “AssociationUtils” tool, is performed sequentially:

• Any selected electrons sharing an ID track with a selected muon candidate are

ignored.

• Jets found within ∆R < 0.2 of a selected electron are discarded, and jets with

less than three tracks and close to a selected muon within ∆R < 0.4 are further

removed.

• Electron candidates that overlap with the selected jets within ∆R < 0.4 are rejected.

• Finally, selected muons that overlap with a selected jet which has more than three

associated ID tracks are removed.

5.3.2 Event level selection

For the event level selection, first the data events are required to pass the Good-Run-

List (GRL), which can guarantee that the data are recorded under the good condition

of the detector. The GRLs adopted are “data15 13TeV.periodAllYear DetStatus-v79-

repro20-02 DQDefects-00-02-02 PHYS StandardGRL All Good 25ns.xml” for 2015 data

(corresponding to 3.2 fb−1) and “data16 13TeV.periodAllYear DetStatus-v83-pro20-15 DQDefects-

00-02-04 PHYS StandardGRL All Good 25ns.xml” for 2016 data (corresponding to 32.9

fb−1).
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The GRLs are provided by the Data Quality (DQ) group of the ATLAS collabo-

ration. And as my qualification task, I have participated in the muon offline DQ mon-

itoring efforts. Collaborating with other colleagues, we have maintained and developed

the primary packages adopted for the offline monitoring at the Run 2. The original

“MuonDetectors” package used for the Run 1 has been re-structured as well as substan-

tial updates being made, which now is mainly responsible for scrutinizing the working

status of the four sub-systems of the muon detector. Another package “MuonTracking”

has been re-written, which mainly accommodate the functionalities of monitoring the

muon performance by making use of the muon segments and tracks together with the

“standard candles” Z and J/ψ related plots. Figure 5.3 shows examples of the monitor-

ing plots for the muons associated with Z and J/ψ for Run 284420 during the 2015 data

taking. Besides, monitoring plots with normalization to the instantaneous luminosity are

also added. All these new updates and developments help the offline shifters monitor the

muon DQ more efficiently, which is quite crucial for the final GRL generating.

Figure 5.3: η−φ monitoring maps for muons associated with J/ψ (left) and Z (right)
for Run 284420 in 2015.

In addition to the GRL requirement, the LAr, Tile and SCT corrupted events,

and the incomplete events are rejected in the data. Besides cleaning cut concerning the

bad jets is imposed on the both data and MC samples, and events are rejected if they

contain at least one jet classified as “BadLoose” as described in 5.3.1.2. Events are further

required to have a PV with at least two associated tracks, where the ID tracks are selected

with pT > 400 MeV and |η| < 2.5.

For 2015 data, events are required to pass logic “OR” of two single muon trig-

gers, “HLT mu24 imedium” or “HLT mu50”; and for 2016 data, events are required to

pass logic “OR” of the following two single muon triggers: “HLT mu26 ivarmedium” or
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“HLT mu50”. The single muon trigger “HLT mu24 imedium” requires a trigger muon

with pT > 24 GeV and imposes the “medium” isolation cut (fixed cone size) on trigger-

level muon at the HLT; while the single muon trigger “HLT mu26 ivarmedium” requires

a trigger muon with pT > 26 GeV and imposes the “medium” isolation cut (varying

cone size depending on muon pT value) as well at the HLT. The higher pT muon trigger

requires a trigger muon with pT > 50 GeV but without explicit requirement on isolation.

Such trigger configuration is applied consistently to both 2015 and 2016 data as well as

the MC samples. And the trigger requirement is very efficient (about 95%) for signal and

Drell-Yan events that pass all the other kinematic selections, and the difference between

the trigger-level isolation cut and the offline selection is found to be very minor. Trigger

matching is applied to both the data and MC, by requiring at least one of the selected

two muons to be close to the corresponding trigger muon within ∆R < 0.1.

Then selected events are required to have exactly two muons with opposite charge

sign. And the leading muon needs to have pT > 27 GeV so as to surpass the trigger

threshold. To reduce the contributions from the top and diboson backgrounds, events

are vetoed if a large Emiss
T is present (Emiss

T < 80 GeV). Figure 5.4 shows the data/MC

comparison for Emiss
T before this requirement. And top related backgrounds are further

reduced by requiring no b-jets in the final state.
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Figure 5.4: Comparison between data and MC predictions for EmissT before cut on
80 GeV in the signal region (defined below). The Drell-Yan events are generated with
MadGraph and normalized using the NNLO cross section to 36.1 fb−1 corresponding
to the data collected in 2015 and 2016. MC statistical and experimental systematic

(muon, jet and MET) uncertainties are shown in the error band.
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5.3.2.1 Z control region

After the general event level selections, an on-shell Z dominant control region can

be defined by requiring dimuon invariant mass around the Z pole within 15 GeV mass

window (76< mµµ <106 GeV). This control region is served to examine data and MC

predictions under the dimuon selection deployed in this analysis.

To improve the agreement between data/MC for muon pT related variables, a pZT (pT

of the dimuon system) reweighting method is adopted to force the pZT distribution from the

Drell-Yan process to match the data with the top and diboson contributions subtracted.

All the other kinematic distributions are adjusted accordingly after the reweighting. And

this method has negligible impact on mµµ distribution.

Figure 5.5 depicts the pT of leading and subleading muons dimuon invariant mass (mµµ),

pZT , Ht (scalar sum of muons and jets pT ) and jet multiplicity (njet) for the data and MC

comparisons in the Z control region, corresponding to 36.1 fb−1 recorded in 2015 and

2016. The MC predictions are generally in reasonable agreement with data. And the

mis-modeling of jet multiplicity for the njet >= 4 bins connects to imprecision of MC

calculation in the case of radiation of multiple partons. Besides large theoretical and

jet-related experimental uncertainties are expected in this phase space. Since for this

analysis, the concerned signature are mostly in njet <= 3 bins (VBF topology), thus this

njet mis-modelling is not a major issue.

5.3.2.2 Z plus two jets control region

Another Z plus two jets control region is defined by requiring events to contain

at least two selected jets on top of the on-shell Z mass window criteria. Selection of

two jets is motivated to enhance the sensitivity to the VBF signature. Events produced

in the VBF channel are usually characterized by two forward jets which have large ra-

pidity gap and dijet invariant mass (mjj), as well as some topological features such as

the electroweak production contained within the rapidity gap. Therefore the jet-related

kinematic variables are useful to discriminate between the VBF signal process and more

dominating QCD production of dimuon plus two jets. This Z plus two jets control region

can be used to examine the modeling of the jet related kinematics.

To improve the agreement between data/MC for the jets related variables, a mjj

reweighting method is adopted to force the mjj distribution from the Drell-Yan process
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Figure 5.5: Comparison between data and MC predictions for leading muon pT (top
left), subleading muon pT (top right), dimuon invariant mass (middle left), pZT (middle
right), total Ht (bottom left) and jet multiplicity (bottom right) in the Z control region.
The Drell-Yan events are generated with MadGraph and normalized using the NNLO
cross section to 36.1 fb−1 corresponding to the data collected in 2015 and 2016. MC
statistical and experimental systematic (muon, jet and MET) uncertainties are shown

in the error band.
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to match the data with the top and diboson contributions subtracted. All the other

kinematic distributions are adjusted accordingly after the reweighting. The difference

between the original and reweighted distributions are considered as the uncertainty re-

lated to mis-modeling of mjj, which are then included in the uncertainty bands for the

corresponding figures.

Figure 5.6 shows mµµ, mjj, ∆ηjj, ∆Rjj and centrality distributions in the Z plus

two jets control region for data collected in 2015 and 2016 and MC predictions. The

centrality here is defined as

centrality =
yµµ −

yj1+yj2
2

|yj1 − yj2|
. (5.1)

Further kinematic variables, such as pT of the dijet system (pjjT ), pT of the dimuon

plus leading jet system (pllj1T ), pT of the dimuon plus subleading jet system (pllj2T ), pT of

the dimuon plus dijet system (plljjT ), ∆y of the dimuon system plus dijet system (∆ylljj),

leading jet (∆yllj1), subleading jet (∆yllj2), and scalar sum of lepton and jet pT (Ht) are

shown in Figure 5.7.

Reasonable agreement are observed between the MC modeling and data. There is

some level (around 20%) of mis-modeling in certain phase spaces for jet-related variables,

for instance, the discrepancies seen outside the current uncertainty bands for ∆ylljj, ∆yllj1,

and ∆yllj1. However, since these phase spaces are not sensitive to the signal events, so

such kind of mis-modeling is not a major problem for this analysis.

5.3.2.3 Data/MC comparisons for the kinematic variables in the signal region

The inclusive signal region is defined by making the requirement 110< mµµ <160

GeV on top of the general event selection as described in the previous paragraph. And

similar as 5.3.2.2, to examine the modeling of the jet related kinematics, the VBF-like

signal region is defined by requiring 110< mµµ <160 GeV plus two selected jets.

Data and MC predictions are then compared under these two regions. The pZT and

mjj reweighting methods derived from the Z control region (5.3.2.1) and Z plus two jets

control region (5.3.2.2) are adopted to improve the agreement between data/MC. And

they have negligible impacts on mµµ distributions.
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Figure 5.6: Comparison between data and MC predictions for mµµ (top), mjj (mid-
dle left), ∆ηjj (middle right), ∆Rjj (bottom left) and centrality (bottom right). MC
statistical uncertainty, mjj modeling related systematic uncertainty and experimental

systematic (muon, jet and MET) uncertainties are shown in the error band.
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Figure 5.7: Comparison between data and MC predictions for pT of the dijet sys-
tem (pjjT , top left), pT of the dimuon plus leading jet system (pllj1T , top middle), pT
of the dimuon plus subleading jet system (pllj2T , top right), pT of the dimuon plus di-
jet system (plljjT , middle left), ∆η between dimuon system with dijet system (∆ylljj ,
middle middle), leading jet (∆yllj1, middle right), subleading jet (∆yllj2, bottom left),
and scalar sum of lepton and jet pT (Ht, bottom right) in the final state in the dijet
validation region. The Drell-Yan events are generated with MadGraph and normalized
using the NNLO cross section to 36.1 fb−1 corresponding to the data collected in 2015
and 2016. MC statistical uncertainty, mjj modeling related systematic uncertainty and
experimental systematic (muon, jet and MET) uncertainties are shown in the error

band.

92



Chapter 5. Search for SM Higgs with the Dimuon Final State

Figure 5.8 depicts the mµµ, pµµT , Ht, njet and Emiss
T (before Emiss

T cut) distributions

in the inclusive signal region corresponding to 36.1 fb−1 recorded in 2015 and 2016. While

Figure 5.9 shows mjj, ∆ηjj, leading and subleading jet pT comparisons in the VBF-like

signal region. In general, reasonable agreement between the data and MC modeling can

be observed, with some discrepancies that can be covered by the systematic uncertainties.

E
ve

nt
s 

/ 2
 G

eV
 

210

310

410

510

610

710

ATLAS
-1 = 13 TeV, 36.1 fbs

Data  100×ggF 

Drell-Yan  100×VBF 

Top  100×VH 

Diboson

 [GeV]µµm
110 115 120 125 130 135 140 145 150 155 160

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

/ 5
 G

eV
 

210

310

410

510

610
ATLAS

-1 = 13 TeV, 36.1 fbs

Data  100×ggF 

Drell-Yan  100×VBF 

Top  100×VH 

Diboson

 [GeV]µµ
T

p
0 20 40 60 80 100 120 140 160 180 200

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

 

-410

-310

-210

-110

1

10

210

310

410

510

610

710

810  InternalATLAS
-1Ldt = 36.1 fb∫

 = 13 TeVs

Data
Drell-Yan
Top Quark
Diboson
VBF [125GeV]
ggF [125GeV]

Total Ht [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800 2000

da
ta

/M
C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

 

-410

-310

-210

-110

1

10

210

310

410

510

610

710

810  InternalATLAS
-1Ldt = 36.1 fb∫

 = 13 TeVs

Data
Drell-Yan
Top Quark
Diboson
VBF [125GeV]
ggF [125GeV]

Number of Jets

0 1 2 3 4 5 6 7 8 9 10

da
ta

/M
C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

 

-410

-310

-210

-110

1

10

210

310

410

510

610

710

810
 InternalATLAS

-1Ldt = 36.1 fb∫
 = 13 TeVs

Data
Drell-Yan
Top Quark
Diboson
VBF [125GeV]
ggF [125GeV]

 [GeV]
T

Missing E
0 20 40 60 80 100 120 140

da
ta

/M
C

0.6
0.8

1
1.2
1.4

Figure 5.8: Comparison between data and MC predictions for mµµ (top left), pµµT
(top middle), Ht (top right), njet (bottom left) and EmissT (bottom right, before
EmissT <80 GeV cut) in the inclusive signal region. MC statistical uncertainty and
experimental systematic (muon, jet and MET) uncertainties are shown in the error

band.

5.4 Categorization for the Signal Region

As described in 5.3.2.3, the inclusive signal region is defined by requiring mµµ within

110 and 160 GeV. To enhance the signal sensitivity, this inclusive signal region is devided

into eight orthogonal categories, either sensitive to VBF or ggF Higgs production mode.
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Figure 5.9: Comparison between data and MC predictions formjj (top left), ∆ηjj (top
right), pT for leading (bottom left) and subleading (bottom right) jets in the VBF-like
signal region. MC statistical uncertainty, mjj modeling related systematic uncertainty
and experimental systematic (muon, jet and MET) uncertainties are shown in the error

band.

5.4.1 Selection for the VBF enriched categories

VBF related categories are selected with a higher priority by adopting the multi-

variate analysis (MVA) method. The selection is based on the typical topology of the

VBF associated jets, like the forwardness and η separation between the two jets. The

MVA method used in this search is Boosted Decision Tree (BDT) implemented in TMVA

package [95].

Background (including Drell-Yan, Top and Diboson) and VBF Higgs signal samples

are used as the inputs for the BDT training. And pre-selections are applied for both the

background and signal samples before the training. Most of these criteria are the same

as described in Subsection 5.3.2 except that the invariant mass is required to be between

110 GeV and 140 GeV. Around 30 k background MC events and 300 k VBF signal MC
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events are used in the training, and they are split into two, with the first half for training,

while the second half for testing.

Fourteen input variables are used for the training, including the angular variables

between two selected jets: ∆ηjj and ∆Rjj, centrality (defined in Equation 5.1), mjj, p
jj
T ,

pµµT , Emiss
T , Ht, rapidity and pT between the selected dimuon system plus leading/sub-

leading/both jet(s): yµµj1, yµµj2, yµµjj and pµµj1T , pµµj2T , pµµjjT . These kinematic variables

have been checked in the control regions as shown in Figure 5.6 and 5.7. And reasonable

agreement between data and MC predictions can be observed.

For the BDT training process, 200 trees are used and the Gradient boosting type

is adopted. While the Max depth of the decision tree allowed is 4 and nCuts (number of

grid points in variable range used in finding optimal cut in node splitting) is 20.

Table 5.6 summarizes the individual input variable’s contribution to the BDT dis-

crimination (namely BDT ranking). The ranking of the input variables is derived by

counting how often the variables are used to split decision tree nodes, and by weighting

each split occurrence by the separation gain-squared it has achieved and by the number

of events in the node. The outcome shown in the table is actually expected: major sensi-

tivity comes from ∆ηjj, mjj, centrality, and pµµT , which are the variables most sensitive to

the VBF-like topology; additional variables contribute and help to bring up the overall

signal and background separation.

Rank Variable Variable Importance
1 ∆ηjj 2.440e-01
2 mjj 1.731e-01
3 pµµT 1.338e-01
4 ∆Rjj 9.217e-02

5 pjjT 5.416e-02
6 yµµj1 5.209e-02
7 centrality 4.729e-02
8 Ht 4.381e-02

9 pµµjjT 4.040e-02
10 Emiss

T 3.308e-02
11 yµµjj 2.719e-02

12 pµµj1T 2.361e-02

13 pµµj2T 1.923e-02
14 yµµj2 1.602e-02

Table 5.6: Ranking of the input variables contributing to the BDT (top variable is
best ranked)
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Figure 5.10 shows the BDT training response distribution (comparison between the

training and testing) as well as the ROC curve (background rejection efficiency vs signal

selection efficiency). And to further validate the BDT training performance, the BDT

score is examined in the control region and signal region as shown in Figure 5.11 and

decent agreement can be observed between the data and MC predictions.
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Figure 5.10: BDT response comparison between training and testing (left) and ROC
curve namely background rejection efficiency vs signal selection efficiency (right).
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Figure 5.11: Comparisons between data and MC predictions for BDT score in control
region (left) and signal region (right). The Drell-Yan events are generated with Mad-
Graph and normalized using the NNLO cross section to 36.1 fb−1 corresponding to the
data collected in 2015 and 2016. MC statistical uncertainty, mjj modeling related sys-
tematic uncertainty and experimental systematic (muon, jet and MET) uncertainties

are shown in the error band.

In order to select a sample with good signal over background ratio while keep a

reasonable amount of background events for the dimuon mass fit as well, a cut >0.7 is

picked up on this BDT score to select VBF-like events. The relative efficiency of this cut

on VBF signal and total background is 53.0% and 2.5% respectively. Two VBF categories
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are defined in the corresponding phase space: “VBF Loose” (0.7<BDT score<0.9) and

“VBF Tight” (BDT score>0.9). And Figure 5.12 depicts the mµµ spectra for the data

and MC predictions in these two categories.
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Figure 5.12: mµµ distributions for background and signal for VBF Loose (left) and
Tight (right) categories Shapes are normalized to 36.1 fb−1. VBF filtered samples are
used for mµµ shape and normalized to the yields of spectrum from Madgraph Ht sliced
samples. MC statistical uncertainty, mjj modeling related systematic uncertainty and
experimental systematic (muon, jet and MET) uncertainties are shown in the error

band.

5.4.2 Selection for the ggF enriched categories

After the selection for VBF categories by using the BDT method, the remaining

events failing the VBF selection are categorized into ggF enriched categories with the cut-

based method. Since the ggF signal events tend to have averagely larger values of pµµT than

the Drell-Yan background events, thus the events are separated into three pµµT categories:

low (<15 GeV), medium (15−50 GeV) and high (>50 GeV). To further improve the signal

sensitivity, each of these three categories is subdivided into a central category with |ηµ1|
< 1 and |ηµ2| < 1 and a non-central category containing all the other events. Table 5.7

summarizes the detailed criteria for selecting the ggF enriched categories.

Figure 5.13 depicts the mµµ comparisons between the data and MC predictions in the

selected six ggF categories, and the shapes are corresponding to 36.1 fb−1.
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Figure 5.13: mµµ distributions for background and signal for low (top), medium
(middle) and high (bottom) pµµT categories in central (left) and non-central (right)
regions. Shapes are normalized to 36.1 fb−1. Powheg Drell-Yan samples (high statistics)
are used for mµµ shape and normalized to the yields of the corresponding spectrum from
Madgraph Ht sliced samples. MC statistical and experimental systematic (muon, jet

and MET) uncertainties are shown in the error band.
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Non-central, low pµµT pµµT < 15 GeV AND (|ηµ1| > 1 OR |ηµ2| > 1)
Central, low pµµT pµµT < 15 GeV AND |ηµ1| < 1 AND |ηµ2| < 1
Non-central, medium pµµT 15 GeV < pµµT < 50 GeV AND (|ηµ1| > 1 OR |ηµ2| > 1)
Central, medium pµµT 15 GeV < pµµT < 50 GeV AND |ηµ1| < 1 AND |ηµ2| < 1
Non-central, high pµµT pµµT > 50 GeV AND (|ηµ1| > 1 OR |ηµ2| > 1)
Central, high pµµT pµµT > 50 GeV AND |ηµ1| < 1 AND |ηµ1| < 1

Table 5.7: Categorization criteria for ggF enriched categories.

5.4.3 Event yields in eight signal categories

Table 5.8 summarizes the expected signal and background event yields as well as

the observed number of data events within a mµµ interval for each signal category. The

interval in each category is chosen to be centered at the simulated signal peak and contain

90% of the expected signal events. While Table 5.9 shows the expected signal event yields

for different Higgs production modes. And the yields are calculated in the same mµµ

intervals as described above.

Signal[125] Z+jets Top Di-boson Total background S/
√
B Data

Central, low pµµT 10.9 ± 0.1 7989 ± 205 15 ± 2 21 ± 2 8025 ± 205 0.12 7885 ± 89
Non-central, low pµµT 31.6 ± 0.1 38189 ± 454 65 ± 4 108 ± 5 38361 ± 454 0.16 38777 ± 197
Central, medium pµµT 23.4 ± 0.1 6244 ± 179 107 ± 4 68 ± 4 6419 ± 179 0.29 6585 ± 81
Non-central, medium pµµT 66.5 ± 0.2 29683 ± 402 488 ± 10 441 ± 11 30612 ± 402 0.38 31291 ± 177
Central, high pµµT 15.5 ± 0.1 3008 ± 135 255 ± 7 58 ± 3 3321 ± 135 0.27 3160 ± 56
Non-central, high pµµT 39.7 ± 0.1 12047 ± 263 962 ± 14 309 ± 9 13318 ± 264 0.34 12829 ± 113
VBF Loose 3.4 ± 0.0 236 ± 8 18 ± 2 3 ± 1 257 ± 8 0.21 274 ± 17
VBF Tight 3.4 ± 0.0 76 ± 5 2 ± 1 0 ± 1 78 ± 5 0.39 79 ± 9

Table 5.8: Expected event yields (for different signal and background processes) and
observed data yields in eight signal categories. The yields are corresponding to 36.1
fb−1 and calculated within a mµµ interval which centers at the simulated signal peak

and contains 90% of the total signal events.

ggF VBF WH (hadronic) WH (leptonic) ZH (hadronic) ZH (leptonic) ttH
Central, low pµµT 10.82 ± 0.08 0.09 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Non-central, low pµµT 31.19 ± 0.13 0.27 ± 0.00 0.07 ± 0.00 0.03 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Central, medium pµµT 22.39 ± 0.11 0.69 ± 0.01 0.16 ± 0.01 0.06 ± 0.00 0.09 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Non-central, medium pµµT 63.32 ± 0.18 2.05 ± 0.01 0.57 ± 0.01 0.21 ± 0.01 0.34 ± 0.01 0.04 ± 0.00 0.01 ± 0.00
Central, high pµµT 12.76 ± 0.07 1.78 ± 0.01 0.50 ± 0.01 0.11 ± 0.00 0.29 ± 0.01 0.03 ± 0.00 0.03 ± 0.00
Non-central, high pµµT 32.19 ± 0.12 4.66 ± 0.01 1.52 ± 0.02 0.37 ± 0.01 0.87 ± 0.01 0.09 ± 0.00 0.07 ± 0.00
VBF Loose 1.54 ± 0.03 1.83 ± 0.01 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
VBF Tight 0.86 ± 0.02 2.55 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Table 5.9: Expected signal event yields (normalized to 36.1 fb−1; mµµ within an
interval, which centers at the simulated signal peak and contains 90% of the total

signal events) from different production modes in eight signal categories.
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5.5 Signal and Background Modeling

This analysis is based on a data-driven method and analytical functions are adopted

to depict the mµµ distributions for signal and backgroud processes. This section will

introduce the corresponding modeling functions.

5.5.1 Signal modeling

The signal model is developed for the purpose of describing the Higgs boson peak

together with the lower-mass tail due to the photon radiation from final state. And in

order to guarantee the fitting stability, some certain parameters for the modeling function

are fixed with the empirical values. Equation 5.2 represents the analytic function used for

signal, which is the sum of a Crystal Ball function (CB) and a Gaussian function (GS):

PS(mµµ) = fCB × CB(mµµ,mCB, σCB, α, n) + (1− fCB)×GS(mµµ,mGS, σ
S
GS), (5.2)

where x denotes the dimuon invariant mass, and fCB (floating between 0.6 and 1) is

the fraction of the CB contribution when each component (CB or GS) is normalized to

unity. While the parameters α (floating between 1 and 2) and n (fixed at 1) determine

the power-law tail of the CB distribution. The other parameters mCB, σCB, mGS and

σSGS represent the CB mean value, CB width, GS mean value and GS width respectively,

which are all floating. These floating parameters are determined for each signal category

by fitting the signal model to the simulated mµµ spectra. And for each category, the

ggF, VBF, and VH signal shapes are obtained separately and then combined into a total

signal shape according to their individual SM predictions.

Figure 5.14 shows the signal fitting for the mµµ distributions from simulated ggF

signal events in the central and non-central medium pµµT categories. And clearly we can

see the mass resolution from the central category is much better comparing with the

non-central one.

Figure 5.15 depicts the fitting results for the simulated VBF signal events in the

VBF loose and VBF tight categories. And the much larger resolution values in VBF

categories are expected due to the fact that the muons in VBF categories tend to have

harder pT distributions caused by much more enriched jet activities comparing with the

ggF categories.
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Figure 5.14: Signal model fits to the mµµ distributions of simulated ggF signal events
in the central (left) and non-central (right) medium pµµT categories.
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Figure 5.15: Signal model fits to the mµµ distributions of simulated VBF signal events
in the VBF loose (left) and VBF tight (right) categories

5.5.2 Background modeling

The background model is developed aiming to describe the steeply falling mµµ dis-

tributions of the dominant Drell-Yan process. In the meantime, it also needs to accom-

modate enough flexibility to take into account potential differences between data and MC

simulation, and allow variations in the mµµ spectra caused by the different selections and

additional contributions from sub-dominant background processes as well. In the end,

the adopted background model is the sum of a Breit-Wigner function (BW) convolved

with a GS, and an exponential function divided by a cubic function, which is shown in

Equation 5.3:

PB(mµµ) = f × [BW(mBW,ΓBW)⊗GS(σB
GS)](mµµ) + (1− f)× eA·mµµ/m3

µµ, (5.3)

where f (floating between 0 and 1) denotes the fraction of the BW component when

each component is normalized to unity. The BW parameters mBW and ΓBW are fixed

to be 91.2 GeV and 2.49 GeV [108] respectively across all the categories. And σB
GS in
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each category is obtained by using a simple Gaussian function to fit the difference be-

tween mreco (reconstructed mµµ) and mtruth (mµµ at truth level) from Drell-Yan samples.

Table 5.10 summarizes the σB
GS values adopted for each category. The parameter A is

floating between -1 and 1.

Signal category σB
GS [GeV]

LowPtll central 2.24
LowPtll non-central 2.76
MidPtll central 2.33
MidPtll non-central 2.82
HighPtll central 2.53
HighPtll non-central 3.07
VBF Loose 3.07
VBF Tight 3.07

Table 5.10: Summary of the σB
GS values adopted for each signal category.

Figure 5.16 depicts the background-only fit to the observed mµµ spectra in the

selected central high pµµT and VBF tight categories. The expected signal shapes in the

figures are scaled up by a factor of 20 for visibility. In general, the background model

shows good performance when fitted to the corresponding mµµ spectra. The systematic

uncertainty originating from the potential bias of the particular background model is

evaluated by using the so-called spurious signal technique, which will be introduced in

the next section.
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Figure 5.16: Background-only fit to the observed mµµ distribution in the central high
pµµT (left) and VBF tight (right) categories. Only the statistical uncertainties are shown

for the data points. The expected signal shape is scaled up by a factor of 20.

102



Chapter 5. Search for SM Higgs with the Dimuon Final State

5.6 Systematic Uncertainties

Systematic uncertainties are treated as nuisance parameters for the final statistical

analysis when deriving the signal strength, which include the theoretical and experimental

uncertainties on the signal and also spurious signal uncertainty due to the bias in the

background model.

5.6.1 Theoretical uncertainties on the signal

The systematic uncertainties on the Higgs production cross section originate from

QCD scales and PDF set variations, and the uncertainty of branching ratio for H → µµ

is 1.23% [109, 110]. The theoretical uncertainty in the signal acceptance for the ggF

categories due to the modeling of the Higgs boson pT spectrum arising from missing high-

order corrections, is estimated by varying the QCD renormalization, factorisation and

resummation scales used in the HRES program [111, 112]. Table 5.11 summarizes the

corresponding uncertainty values. And the acceptance uncertainty for the ggF signal in

the VBF categories is ∼17%. The theoretical uncertainties associated with the modeling

of multiparton interactions are estimated via turning them off during the event genera-

tion [113]. Overall, the theoretical uncertainty value for the ggF signal prediction varies

from 15% to 25%, which is dominated by the uncertainties caused by missing high-order

effects. While for VBF signal, the total uncertainty is generally ∼5%.

Higgs pT range [GeV] 0-15 (Low) 15-50 (Medium) >50 (High)
Syst. Up -20% +11.8% 0
Syst. Down 0 -13.6% 15.3%

Table 5.11: Higgs pT systematic uncertainties for different ggF related categories.

5.6.2 Experimental uncertainties on the signal

The uncertainty on the integrated luminosity recorded in 2015 and 2016 is 3.2%,

which is derived following a similar methodology as described in Ref. [114], through a

preliminary calibration of the luminosity scale using x− y beam-separation scans carried

out in August 2015 and May 2016. The other experimental uncertainties mainly come

from the physics objects adopted for this analysis, which are listed as below:
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• Muon:

– Trigger, isolation, identification, and reconstruction efficiency

– Muon energy/momentum scale and resolution

• Missing traverse energy: MET soft term track scale and resolution

• Jet:

– Jet energy scale and resolution

– JVT efficiency

– b-tagging efficiency

The sources of systematic uncertainty are assessed as a function of mµµ. For each

systematic type, the variation value is calculated as the event yield with this systematic

uncertainty applied divided by the yield for nominal case within a mµµ interval between

110 GeV and 160 GeV. Table 5.12 shows the total object related systematic variation

amplitudes for ggF and VBF 125 GeV signal in the eight signal categories.

Signal category Up (ggF) Down (ggF) Up (VBF) Down (VBF)
Central, low pµµT 1.36% 1.35% 4.26% 2.67%
Non-central, low pµµT 1.49% 1.54% 2.20% 2.17%
Central, medium pµµT 1.77% 1.64% 2.60% 2.51%
Non-central, medium pµµT 1.72% 1.65% 2.57% 2.46%
Central, high pµµT 2.52% 2.48% 4.28% 4.30%
Non-central, high pµµT 2.47% 2.41% 3.90% 3.99%
VBF Loose 13.48% 14.13% 7.44% 6.01%
VBF Tight 9.80% 12.01% 6.90% 7.85%

Table 5.12: Systematic variation amplitudes for ggF and VBF 125 GeV signal between
[110 GeV, 160 GeV] mass region in different signal categories.

Overall, the total experimental uncertainty on the predicted signal yield for each

ggF category is between 4% and 6%, which is dominated by the luminosity, muon, jet, and

pileup contributions. For VBF categories, the experimental uncertainty goes up to 15%,

mainly due to larger contributions from the jet energy scale and resolution uncertainties.

The effects of the experimental uncertainties on the predicted signal mµµ shapes are found

to be minor, which are therefore neglected for this analysis.

104



Chapter 5. Search for SM Higgs with the Dimuon Final State

5.6.3 Spurious signal uncertainty from the background model-

ing

Since this data-driven analysis purely relies on a simultaneous fit to the observed

data mµµ spectrum to extract the final result on signal strength, therefore it is crucial

to estimate the spurious signal uncertainty originating from potential bias of background

modeling with the methodology described in Ref. [115]. The first step is to produce a

smooth enough MC background mµµ spectrum at the reconstruction level, and then the

signal plus background template (describe in Section 5.5) is used to fit this spectrum

to examine whether there are any spurious signal events. As the dominant background

comes from the Drell-Yan production, thus we focus on this process for the spurious signal

study.

It is not really realistic to generate a large amount of fully simulated MC events to

fulfill the requirement for spurious signal estimation. The actual procedure adopted is to

produce high-statistics truth Drell-Yan samples and then apply the efficiency correction

and momentum smearing (derived from the official Powheg Drell-Yan sample) on top of

the truth events to mimic a smooth spectrum at the reconstruction level. To carry out

this, we generate ∼870 M truth Drell-Yan events with born mass between 95 and 200

GeV (corresponding to an equivalent integrated luminosity of ∼5 ab−1 which is about

140 times larger than the data luminosity recorded in 2015 and 2016) using the official

PowHeg+Pythia8 for ggF categories. While for the two VBF categories, we use the

Madgraph5 (Np2) generator to produce about 15 M truth Drell-Yan events also with

born mass between 95 and 200 GeV. After we get the mimic “reconstructed” spectra,

a closure test is performed by comparing the mimic spectra with the real reconstructed

spectra from official fully simulated samples, as shown in Figure 5.17 and Figure 5.18.

Reasonable agreement in the signal region can be observed for this test, and the statistical

errors in the lower panel are due to the relatively low statistics of the offical Drell-Yan

samples.

Finally, the signal plus background analytic function is fitted to these mimic mµµ

distributions in each of the signal category to determine the spurious signal contribution.

The spurious signal strength is defined as the spurious signal events divided by the pre-

dicted signal events (µspur = Nspur/Npredicted), which is allowed to be either positive or

negative. Figure 5.19 shows the spurious signal fits to each of the signal category for the

125 GeV signal mass point. As can be seen, the fitted µspur is either small (comparing to
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Figure 5.17: Comparison of reconstruction-level mµµ distributions between the fully-
simulated MC events and the corrected truth events after requirement at least two
selected muons in the events and the leading muon with pT > 27 GeV, in low (top),
medium (middle) and high (bottom) pµµT categories in central (left) and non-central
(right) regions. Distributions are normalized to 36.1 fb−1, and only MC statistical

uncertainty is shown.
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Figure 5.18: Comparison of reconstruction-level mµµ distributions between the fully-
simulated MC events and the corrected truth events after requirement at least two
selected muons in the events and the leading muon with pT > 27 GeV, in VBF loose
(left) and VBF tight (right) categories. Distributions are normalized to 36.1 fb−1, and

only MC statistical uncertainty is shown.

the current sensitivity) or negative, and this fluctuation demonstrates that the spurious

signal contribution is not significant in this analysis.

The fitted spurious signal event yields corresponding to 36.1 fb−1 as a function of

signal pole masses are shown in Figure 5.20 for each of the signal regions. Table 5.13

summarizes the spurious signal event yields corresponding to 36.1 fb−1 for various mass

points in different categories. Since for the final statistical interpretation, we only want to

show the upper limit result for 125 GeV mass point, thus we take the largest magnitude

of the central value and the error of µspur among 120, 125 and 130 GeV mass points as

the spurious signal contribution for each category.

Central, low pµµT Non-central, low pµµT Central, medium pµµT Non-central, medium pµµT Central, high pµµT Non-central, high pµµT VBF Loose VBF Tight
115 Gev 43.44 ± 17.20 163.61 ± 41.25 46.37 ± 15.67 275.65 ± 36.01 31.37 ± 10.61 93.72 ± 22.56 -4.44 ± 2.07 -0.31 ± 0.74
120 Gev -29.95 ± 12.68 -35.74 ± 30.29 10.59 ± 12.18 63.09 ± 26.38 -7.33 ± 8.02 19.56 ± 16.41 -2.44 ± 1.46 0.13 ± 0.56
125 Gev -42.75 ± 11.39 -113.43 ± 26.88 -1.39 ± 10.64 -64.58 ± 24.32 1.71 ± 7.48 6.92 ± 15.68 -1.99 ± 1.38 -0.75 ± 0.52
130 Gev 0.01 ± 9.34 -91.39 ± 22.77 -13.48 ± 9.36 -96.93 ± 21.34 -7.01 ± 6.67 -4.75 ± 14.00 3.45 ± 1.24 0.15 ± 0.46
135 Gev 13.36 ± 8.27 -32.84 ± 18.97 -17.75 ± 8.04 -52.81 ± 18.08 -3.96 ± 6.03 -35.74 ± 12.12 3.72 ± 1.03 0.50 ± 0.40
140 Gev 2.71 ± 7.60 50.93 ± 17.40 -8.66 ± 7.22 -17.49 ± 15.98 -2.98 ± 5.32 -36.36 ± 10.76 0.19 ± 0.92 0.14 ± 0.38
145 Gev 17.63 ± 7.32 73.22 ± 16.72 -3.44 ± 6.95 -15.59 ± 15.60 0.13 ± 5.19 -20.21 ± 10.62 -2.10 ± 0.92 -0.01 ± 0.35

Table 5.13: Spurious signal event yields corresponding to 36.1 fb−1 for various mass
points in different ggF and VBF categories.

The final adopted spurious signal uncertainties, calculated as µspur× SM predicted

signal yields, for the 125 GeV signal point is shown in Table 5.14. For the final simul-

taneous fit to derive the signal strength of H → µµ production, this spurious signal
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Figure 5.19: The combined signal (125 GeV) plus background fits tomµµ distributions
form the corrected truth events after requirement at least two selected muons in the
events and the leading muon with pT > 27 GeV, in central low-pT category (top left),
non-central low-pT category (top middle), central medium-pT category (top right), non-
central medium-pT category (middle left), central high-pT category (middle middle),
non-central high-pT category (middle right), VBF loose category (bottom left) and
VBF tight category (bottom right). Distributions are normalized to the MC equivalent
luminosity so that the fitting errors reflects that of MC statistical fluctuations, and only

MC statistical uncertainty is shown.
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Figure 5.20: The fitted spurious signal event yields corresponding to 36.1 fb−1 as a
function of signal pole mass in central low-pT category (top left), non-central low-pT
category (top middle), central medium-pT category (top right), non-central medium-pT
category (middle left), central high-pT category (middle middle), non-central high-pT
category (middle right), VBF loose category (bottom left) and VBF tight category

(bottom right). Only MC statistical uncertainty coming out of the fit is shown.

contribution is added to the Nsig term and constrained by Gaussian nuisance parame-

ters, treated uncorrelated across all the categories. The impact of this spurious signal

uncertainty on the upper limits is found to be ∼2%.

Categories Uncertainty [Number of events]
Central, low pµµT 42.75
Non-central, low pµµT 113.43
Central, medium pµµT 13.48
Non-central, medium pµµT 96.93
Central, high pµµT 8.02
Non-central, high pµµT 19.56
VBF Loose 3.45
VBF Tight 0.75

Table 5.14: Final adopted spurious signal systematic uncertainties for each category,
corresponding to 36.1 fb−1.
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5.7 Statistical Analysis

After the selected events sorted into eight different signal categories, a binned

maximum-likelihood fit (bin size is 125 MeV) is performed to the observed mµµ spectra

across all the categories simultaneously with the sum of signal and background models

as described in Section 5.5. The signal normalization (signal strength µ times expected

signal yield) and background normalization are treated as free parameters for the fitting

procedure. And µ, which is the single parameter of interest (POI), can be derived and

presented as the result after the fitting.

As a first step, the full likelihood can be constructed as below:

L

(
µ,θ =

8⋃
c=1

θc

)
=

8∏
c=1

Lc(µ,θc) (5.4)

where c is the index for looping over the 8 categories, and θc are the nuisance parameters

taken into account for category c. Lc is the likelihood for category c, which can be further

written into

Lc(µ,θc) =
Nc∏
k=1

Lc(mµµ(k);µ,θc) (5.5)

where Nc is the the number of bins in category c, with the index k running over the bins.

And mµµ(k) is the value of the content for bin k. Lc is the per-bin likelihood, which can

be written into the form of signal and background probability density functions as:

Lc(mµµ;µ,θc) = µS ·NggF,c(θ
norm
c ) fggF,c(mµµ)

+ µS ·NVBF,c(θ
norm
c ) fVBF,c(mµµ)

+ µS ·NVH,c(θ
norm
c ) fVH,c(mµµ)

+Nspur(θ) fggF,c(mµµ)

+Nspur(θ) fVBF,c(mµµ)

+Nspur(θ) fVH,c(mµµ)

+Nbkg,c fbkg,c(mµµ; θbkgc )

(5.6)

where NggF,c, NVBF,c, NVH,c and Nbkg,c are the numbers of ggF signal, VBF signal, VH

signal and background events in category c while fggF,c, fVBF,c, fVH,c and fbkg,c are the

corresponding signal and background probability density functions (PDFs). θnormc and

θbkgc are the nuisance parameters used for the description of signal normalization and the
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background parametrization respectively. Nspur denotes the spurious signal systematic

uncertainty.

To derive the POI µ, the test statistics is adopted, which is computed as the profile

likelihood ratio [116]:

q̃µ =

−2 ln λ̃(µ) µ̂ ≤ µ

0 µ̂ > µ
=


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

µ̂ < 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
0 ≤ µ̂ ≤ µ

0 µ̂ > µ

(5.7)

where L is the likelihood function constructed in Equation 5.4. µ̂ and θ̂ are the values

for µ and θ when maximizing the L with all parameters floating, which are named as the

unconditional maximum-likelihood (ML) estimators.
ˆ̂
θ(µ) is the conditional ML estimator

of θ for a fixed value of µ. The test statistic estimates the compatibility of the data with

the µ hypothesis using the ratio of likelihood for the case of a floating µ (denominator

for Equation 5.7), and the case where it is fixed at the hypothesis value (numerator for

Equation 5.7).

The final upper limits on the µ are set using a modified frequentist method [117]

as:

CLs =
CLs+b
CLb

, (5.8)

where CLs+b and CLb denote the confidence intervals corresponding to signal+background (s+

b) and background-only (b− only) hypotheses. The CLs exclusion can be further calcu-

lated as:

CLs(µ) =
pµ

1− pb
(5.9)

where pµ is the p-value with s+ b hypothesis, pb is the p-value of b− only hypothesis. pµ

and pb can be computed as:

pµ =

∫ ∞
q̃obsµ

f(q̃µ|µ, θ̂obsµ )dq̃µ, (5.10)

pb = 1−
∫ ∞
qobs0

f(q̃µ|0, θ̂obs0 )dq̃µ, (5.11)

where θ̂obs0 and θ̂obsµ are the nuisance parameters after fitting with data, while f(q̃µ|µ, θ̂obsµ )

and f(q̃µ|0, θ̂obs0 ) are sampling functions. For this analysis, asymptotic formula [116] is

used to derive the p-values.
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Limits at the 95% CL on µ are then computed by scanning values of the µ hypothesis,

computing the CLs exclusions and identifying the µup for which this corresponding value

equals 0.05.

5.8 Results

Based on the simultaneous fit described in Section 5.7, the observed and expected

upper limits on µ can be derived at the 95% CL. Figure 5.21 depicts these corresponding

results for the mµµ ranging between 115 and 145 GeV. For mH = 125 GeV, the observed

(expected) upper limit on µ at the 95% CL is 3.0 (3.1) with 36.1 fb−1 of data collected

in 2015 and 2016 at
√
s=13 TeV. The measured signal strength is µ = −0.11+1.49

−1.51, with

the expected best fit value µ = 0.97+1.49
−1.56.

The statistical combination is performed by using the LHC Run 1 and Run 2 data,

and the observed (expected) upper limits is ∼2.7 (2.8) for mH = 125 GeV. The measured

signal strength is µ = −0.15+1.38
−1.45.
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Figure 5.21: Observed and expected upper limits on µ at 95% CL for data recorded
in 2015 and 2016 at

√
s = 13 TeV corresponding to 36.1 fb−1.

As mentioned in Section 5.1, with the data collected during the Run 1, the ATLAS

experiment has set an upper limit on µ to be 7.1 [29]. As can be seen, our results

with the Run 2 data is much significantly improved. A search for the SM H → µµ is
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also performed by CMS experiment with a similar amount of dataset and they have set

observed (expected) upper limit on µ to be 2.64 (2.08) [118]. The relatively better result

from the CMS experiment is mainly due to the fact that the CMS detector has much

better muon pT resolution comparing with the ATLAS detector. And the reason behind

this is that the Inner Detector of the CMS has much larger bending power from magnet

system.
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Chapter 6

Search for New Phenomena with the

Dilepton Final State

6.1 Introduction

As we know, there are enough reasons to believe that the current SM is not a

complete story, and theories beyond the SM (BSM) have predicted various new physics.

The motivation of the work described in this chapter is to search for new TeV phenomena

e.g. Z ′ or contact interaction (CI) as described in Section 2.2. Dilepton final states (ee

and µµ) provide relatively simple and clean signatures, and good sensitivity for detecting

these BSM phenomena. The advantages of adopting such experimental signatures include

high selection efficiency for signal, with relatively small and well-understood background

processes as well.

During the Run 1 at the LHC, searches for Z ′ and CI with dilepton final states

were performed by both the ATLAS and CMS experiments using 20 fb−1 data at
√
s =

8 TeV [32, 33, 34]. The ATLAS collaboration set a lower mass limit on the Z ′SSM of

2.90 TeV at the 95% CL combining two channels. While for the CI, lower limit on the

scale Λ were set ranging between 15.4 TeV and 26.3 TeV. The CMS collaboration set

similar results for the corresponding models.

This chapter will describe the searches for Z ′ and CI based on 36.1 fb−1 data

recorded at
√
s = 13 TeV, which is the same amount of data sample as described in

Section 5.2. The analysis strategy is to look for deviations (resonance or broad excess)

from the reconstructed dilepton invariant mass (mll) spectra in ee and µµ channels. These
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two channels are treated separately for physics analyzing and then combined together for

statistical interpretation. The signal and background processes are mainly coming from

simulation, except for the fake background in ee channel which is estimated using a data-

driven approach. In the end, the exclusion limits are set on mZ′ (Z ′ mass) and Λ (CI

scale) under the specific theory models for the occasion of no significant excess observed.

6.2 Monte Carlo Samples

6.2.1 Background samples

For this analysis, the dominant irreducible background is Drell-Yan process which

is simulated with Powheg (NLO) [100] generator with Pythia8 [67] for event showering.

In order to guarantee a smooth spectrum with enough statistics to the very high-mass

phase space, the mass-binned samples are generated for truth mll between 120 GeV and

>5 TeV. While for region below 120 GeV, the inclusive Powheg Drell-Yan sample (as

described in Table 5.1 with DCID of 361107) is adopted and merged together with the

mass-binned ones by removing events with mll >120 GeV at the truth level. Higher order

corrections (NNLO) are performed by applying the mass-dependent K-factors, which are

calculated using VRAP 0.9 [119] and the CT14NNLO PDF set [120].

The other background like the tt̄ and single-top processes are modeled with the

same samples adopted for H → µµ analysis, and the detailed information for the samples

are already described in Section 5.2. The diboson processes (WW , WZ and ZZ) are

simulated with Sherpa [69] with the CT10 PDF set [101] for a series of mass thresholds,

so as to ensure a smooth spectrum for the entire mass region. For multi-jet and W+jets

background, they are estimated using matrix element method for ee channel which will

be described in Section 6.4. And for µµ channel, their contributions are found to be

negligible.

6.2.2 Signal samples

For the final statistical analysis, Z ′ signal templates for multiple mass points are

needed. Therefore, a reweighting method is used for generating the templates with LO

Drell-Yan samples. These LO Drell-Yan samples are simulated using Pythia8 [67] with

the NNPDF23LO PDF set [99] and the ATLAS A14 set of tuned parameters [105] used
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for event generation, parton showering and hadronization. The reweighting procedure is

carried out on an event-by-event basis, and the desired Z ′ polemass or Λ value for CI,

as well as the event born mass and the incoming quark flavour are taken as the inputs.

Then for each event, the LO Feynman diagrams for Drell-Yan and BSM Z ′ (or CI) of

choice are calculated respectively. And the ratio of these two are used as an event weight

to transform Drell-Yan spectrum into the desired Z ′ (or CI) for a given polemass (or Λ).

For validation of this reweighting method, dedicated Z ′χ and CI signal samples are

generated with the same generator and setup as LO Drell-Yan samples. Four mass points

are produced for Z ′χ signal: 2, 3, 4, and 5 TeV. While for CI, five benchmark values of

Λ (10-30 TeV in 5 TeV steps) are generated for both the constructive and destructive

interference scenarios.

Table 6.2.2 summarizes the information of the signal and background samples used

for this analysis. After the generation, all these MC samples will pass through the

Geant4 [71] detector simulation and then will be reconstructed with the same software

release as for processing data.

Process Generator Original Order Corrected Order Parton Shower PDF
qq̄ → Z/γ∗ → `+`− Powheg-box v2 NLO NNLO Pythia8 CT10
tt̄→ `X, Wt→ X Powheg-box v2 NLO NNLO Pythia6 CT10

WW,WZ,ZZ → `X/`ν/`` Sherpa 2.1.1 NLO NLO Sherpa 2.1.1 CT10
qq̄ → Z/γ∗ → `+`− Pythia8 LO NNLO Pythia8 NNPDF23LO
qq̄ → Z ′ → `+`− Pythia8 LO NNLO Pythia8 NNPDF23LO

CI: qq̄ → `+`− Pythia8 LO NNLO Pythia8 NNPDF23LO

Table 6.1: Summary of the simulated signal and background processes used for this
analysis.

6.3 Event Selection

Signal candidates are selected by requiring at least one pair of reconstructed same-

flavour leptons (ee or µµ) with high pT and at least one reconstructed pp interaction

vertex, with the PV defined as the one with the largest value of Σp2
T for the associated

tracks. Data samples are required to pass the GRL and also event cleaning as already

described in Subsection 5.3.2. Afterwards, specific selection criteria are applied for the

electron and muon channels respectively.
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6.3.1 Electron channel

The trigger used for electron channel is dielectron trigger: 2e17 lhloose. Electron

candidate is required to pass ET >30 GeV, and also satisfy |η| < 2.47 (excluding crack

region 1.37 < |η| < 1.52). And the electrons reconstructed from the bad calorimeters are

removed. Besides, the candidate needs to fulfill the impact parameter related require-

ments: |dBL0 /σ| < 5 and |∆z0 sin θ| < 0.5 mm, with respect to the beam line. Further-

more, to reject background electrons originating from pile-up or hadron decays, “Loose”

isolation WP is applied. While for electron identification, “Likelihood Medium” WP is

adopted. Figure 6.1 depicts the electron identification efficiency of various WPs as a func-

tion of leading ET for Drell-Yan (treated as signal) and Dijet (treated as background)

samples respectively. “Likelihood Loose” and “Likelihood Medium” have shown similar

signal selection efficiency, but “Likelihood Medium” shows more robust performance for

rejecting fake electron.
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Figure 6.1: Electron identification efficiency of various WPs as a function of leading
ET for Drell-Yan (left) and Dijet samples (right).

After the electron level selection, a pair of electrons with the highest ET is selected.

In the end, we require the invariant mass of this pair mee >80 GeV. Overall, the selection

efficiency for Z ′χ (3 TeV) signal in ee channel is ∼71%.

6.3.2 Muon channel

Two single muon triggers are adopted for muon channel: mu26 imedium OR mu50

for 2015 data while mu26 ivarmedium OR mu50 for 2016 data. Muon candidate is re-

quired to be combined muon with pT surpassing 30 GeV. Criteria related to impact
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parameter are also applied: |d0/σ| < 3 and |∆z0 sin θ| < 0.5 mm, both calculated with re-

spect to the beam line. Similar as the SM H → µµ analysis, “LooseTrackOnly” isolation

WP is used for rejecting background muons.

Since this analysis is aimed to detect the very high-mass region, and in such ex-

treme phase space much more stringent requirements for muon identification is needed

to guarantee a relatively decent resolution for high pT regime. Therefore, High-pT WP,

described in Subsection 4.2.4 which is a dedicated design for high-mass resonance search

from performance group, is used for muon candidate selection in this analysis. For this

WP, a primary criterion is three stations in the MS. And by doing this, it can effec-

tively increase the number of hits available to calculate the track’s curvature which is

the dominant resource for resolution at the very high pT region. The pT resolution by

applying the three stations requirements is improved by a factor of two comparing with

the two-station muons as depicted in the left plot in Figure 6.2. The three-station cri-

terion certainly causes additional loss of selection efficiency, which is ∼20% comparing

with the two-station requirement. Nevertheless, it is still worth adopted considering the

significant improvement for resolution. In addition, those MS chambers in poor align-

ment condition (BIS 7−8 and barrel-endcap transition region) are vetoed to make the Z ′

candidate selection more reliable. The right plot in Figure 6.2 shows the efficiency versus

truth η-φ for muons with pT >500 GeV and passing High-pT WP. And clearly we can see

a geometry-dependent pattern for efficiency loss. The more detailed criteria for High-pT

WP are summarized in Table 6.2.
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Criterion
3 stations requirement: MS tracks has at least three hits in at least three precision layers of the MS

MS chamber vetoes: BIS 7-8 (1.3 < |η| < 1.5 && (0.21 < |φ| < 0.57 || 1.00 < |φ| < 1.33 || 1.78 < |φ| < 2.14 || 2.57 < |φ| < 2.93);
barrel/endcap transition region (1.01 < |η| < 1.1)

Table 6.2: Summary of the detailed criteria for the High-pT WP.

On top of the selection criteria above, a pair of muons with the highest pT is selected,

which need to have opposite charges as well. Afterwards, the invariant mass of this dimuon

pair (mµµ) needs to surpass 80 GeV. In the end, the selection efficiency for Z ′χ (3 TeV)

signal in muon channel is around 40%, much lower than that of the electron channel,

which is mainly due to the High-pT WP requirement.

6.4 Background Estimation and Kinematic Distribu-

tions

6.4.1 Background estimation

For this analysis, the background contributions containing two real and prompt

leptons in the final state are mainly coming from the Drell-Yan, top and diboson processes,

which are modeled using the simulation samples as already described in Section 6.2.

This section is dedicated for estimation on the background resulting from the

W+jets and multi-jets processes, for which one or more jets are reconstructed as “fake”

leptons. For µµ channel, such kind of contributions are negligible. While for ee channel,

a data driven approach named “matrix method” is adopted, and this methodology is

based on two sets of selection criteria: tight (T ) and loose (L). Here tight selection is

exactly the same as nominal selection described in Subsection 6.3.1 and loose selection

differs from the tight one by using Loose identification WP and without isolation require-

ment. Ntight and Nloose denote the number of events passing these two sets of criteria

respectively. Then two probabilities r (a real electron passing the loose selection fulfills

the tight selection) and f (a jet passing the loose selection fulfills the tight selection) are

estimated based on the equations below:

f =
N fake
tight

N fake
loose

r =
N real
tight

N real
loose

(6.1)
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Here N fake
tight (N fake

loose) denotes the number of jets passing the tight (loose) selection and

N real
tight (N real

loose) represents the corresponding numbers for real electrons. r is estimated

by using the simulated Drell-Yan samples while f is estimated with the data samples

triggered on the presence of a VeryLoose or Loose electron candidate and with suppressing

criteria for W and Z bosons. And both r and f are determined in several slices of ET

and |η|. The selected pair of electrons can be sorted based on the identification criteria

passed by the electrons, with Nab (Ea
T > Eb

T ) used to represent this paired electrons.

Equation 6.2 shows the relation between the measurable quantities (NTT , NTL, NLT , NLL)

and the “true” ones (NRR, NRF , NFR, NFF ) which can not be measured directly. The

subscripts R and F here represent real electrons and fakes (jets) respectively.
NTT

NTL

NLT

NLL

 =


r2 rf fr f 2

r(1− r) r(1− f) f(1− r) f(1− f)

(1− r)r (1− r)f (1− f)r (1− f)f

(1− r)2 (1− r)(1− f) (1− f)(1− r) (1− f)2



NRR

NRF

NFR

NFF

 (6.2)

For fakes estimation, the quantity of interest is NTT which originates from a pair

of objects containing at least one fake electron. And according to the relation depicted

above, we can derive the corresponding contributions from the W+jets and Multi-jets

individually as below:

NW+jets
TT = rf(NRF +NFR)

NMulti−jets
TT = f 2NFF (6.3)

To sum them together, we can get the final fake electron contributions:

NW+jets&Multi−jets
TT = rf(NRF +NFR) + f 2NFF (6.4)

For this formula, the true quantities on the right hand side can be determined by inverting

the matrix in Equation 6.2, which is shown as below:
NRR

NRF

NFR

NFF

 =
1

(r − f)2


(f − 1)2 (f − 1)f f(f − 1) f 2

(f − 1)(1− r) (1− f)r f(1− r) fr

(r − 1)(1− f) (1− r)f r(1− f) fr

(1− r)2 (r − 1)r r(r − 1) r2



NTT

NTL

NLT

NLL

 (6.5)
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Then after the substitution, the estimation on the fakes can be written into the formula

as below which purely relies on the measurable quantities.

NW+jets&Multi−jets
TT = α[2rf(f − 1)(1− r) + f 2(1− r)2]NTT

+αfr2(1− f)(NTL +NLT ) (6.6)

+αf 2r2NLL

where

α =
1

(r − f)2
. (6.7)

Due to the limited statistics in the high-mass region and also instable performance

of matrix method in the Z peak region, the estimation on the fakes is extrapolated for the

full mass range by using an analytic function to fit the mee spectrum above ∼125 GeV.

Various fits are performed, and the weighted mean of all the fits is used as the central value

for estimation while the envelope is taken as the related uncertainty. Other uncertainties

are evaluated by taking into account the differences between the estimation for events

with same-charge and opposite-charge electrons as well as by varying the probability

value r. All these uncertainties are treated uncorrelated and added in quadrature to

get the final uncertainty. In the end, Figure 6.3 depicts the mee distribution of the

fake background estimated with the matrix method, with the corresponding systematic

uncertainties shown as well.
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Figure 6.3: Distribution of fake background estimation (derived using matrix method)
together with its systematic uncertainties.
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6.4.2 Kinematic distributions

In this subsection, selected kinematic variables are checked to compare the data

and SM predictions in the phase space with the complete event selection criteria applied.

Figure 6.4 depicts the pT , η and φ distributions for electrons and muons after further

requiring mll >120 GeV on top of the signal selection criteria. The reason of applying

an additional mll threshold is due to the pT mismodeling issue of Powheg Drell-Yan

samples in the on-shell Z region. Generally decent agreement is observed for the data

and predictions. And the features in muon η and φ distributions reflect the cut effect of

High-pT WP described in Subsection 6.3.2.

Figure 6.5 shows the dilepton invariant mass distributions for electron and muon

channel after the general signal selection requirements. There is no significant data excess

observed over the background spectra in two channels.

The event yields for the predicted background and data are calculated in different

mll intervals beyond 400 GeV for both electron and muon channels, as shown in Table 6.3

and Table 6.4 respectively. The total background generally shows consistent numbers with

the observed data in two channels.

mee [GeV] 400–500 500–700 700–900 900–1200 1200–1800 1800–3000 3000–6000

Drell–Yan 2640 ± 180 1620 ± 120 421 ± 34 176 ± 17 62 ± 7 8.7 ± 1.3 0.34 ± 0.07
Top quarks 1130 ± 80 560 ± 40 94 ± 8 27.9 ± 2.8 5.1 ± 0.7 < 0.001 < 0.001
Dibosons 228 ± 25 146 ± 16 39 ± 4 16.9 ± 2.1 5.8 ± 0.8 0.74 ± 0.11 0.028 ± 0.004
W+jets & Multi-jets 151 ± 21 113 ± 17 39 ± 6 16.1 ± 2.0 7.9 ± 2.3 1.6 ± 1.2 0.08 ± 0.27

Total background 4150 ± 200 2440 ± 130 590 ± 40 237 ± 17 81 ± 7 11.0 ± 1.8 0.45 ± 0.28

Data 4140 2390 589 209 61 10 0

Table 6.3: Event yields for the background and data calculated in different mll in-
tervals beyond 400 GeV for electron channel. The errors quoted represent the total
uncertainties including statistical, theoretical and experimental systematic uncertain-

ties.

mµµ [GeV] 400–500 500–700 700–900 900–1200 1200–1800 1800–3000 3000–6000

Drell–Yan 1770 ± 120 1060 ± 80 263 ± 23 110 ± 11 37 ± 4 5.4 ± 0.8 0.30 ± 0.07
Top quarks 830 ± 70 401 ± 33 68 ± 6 24.5 ± 3.0 5.3 ± 0.9 0.11 ± 0.08 < 0.001
Dibosons 155 ± 17 93 ± 11 24.3 ± 2.9 9.8 ± 1.2 3.2 ± 0.4 0.45 ± 0.07 0.0184 ± 0.0035

Total background 2760 ± 140 1550 ± 90 355 ± 24 144 ± 11 45 ± 4 6.0 ± 0.8 0.32 ± 0.07

Data 2766 1532 322 141 48 4 0

Table 6.4: Event yields for the background and data calculated in different mll inter-
vals beyond 400 GeV for muon channel. The errors quoted represent the total uncer-

tainties including statistical, theoretical and experimental systematic uncertainties.
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Figure 6.4: Distributions of pT (top), η (middle) and φ (bottom) for the electrons (left)
and muons (right) after applying signal selection criteria with additional mll >120 GeV
requirement. The shaded band in the lower panel illustrates the total systematic un-

certainty.
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Figure 6.5: Distributions of dielectron (left) and dimuon (right) invariant mass after
applying signal selection criteria. The bin width of the spectra is constant in log(mll)

while the total systematic uncertainty is shown in the shaded band.

The highest mll event for electron channel is 2.90 TeV while for muon channel it

is 1.99 TeV. Figure 6.6 shows the event displays for these two selected events. For the

dielectron event, there are two additional jets besides the two selected electron candidates.

While for the dimuon event, a third muon is found to be existing as well as a relatively

large Emiss
T Therefore neither of these two high-mass events is a good candidate for Z ′

signal.

6.5 Systematic Uncertainties

For this analysis, systematic uncertainties play non-trivial roles, which are treated

as nuisance parameters for the final statistical interpretation (described in Section 6.6).

The systematic uncertainties considered contain both theoretical and experimental uncer-

tainties on the total background as well as the experimental uncertainties on the signal.

All these corresponding uncertainties are estimated as a function of mll. For each source

of systematic uncertainty, the larger value between the up and down variations is adopted,

and in the end we can get a symmetric and mll-dependent variation shape which is used

for the statistical analysis later.

Theoretical uncertainties on the background prediction originate from the eigenvec-

tor variations of PDF, together with variations of PDF scale, the strong coupling (αS),
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Figure 6.6: Event displays for the highest mll events in ee (left) and µµ (right) chan-
nels. Green and red towers represent energy deposition in the cells of the EM and
tile calorimeter respectively. Red lines illustrate the reconstructed ID tracks associ-
ated with the selected electron candidates. Cyan lines represent the other tracks with
ET >2 GeV, including the tracks coming from pile-up effect. For the dielectron event,
the leading electron has an ET of 841 GeV, an η of -1.26 and a φ of -1.15, while the
subleading one has an ET of 655 GeV, an η of 1.32 and a φ of 1.83. For the dimuon
event, the leading muon has a pT of 636 GeV, an η of -0.43 and a φ of -2.16 while the
subleading muon has a pT of 545 GeV, an η of 1.81 and a φ of 0.90. The additional
muon has a pT of 145 GeV and the missing transverse energy of this event is 109 GeV.

EW corrections, photon-induced (PI) corrections as well as PDF choices. The PDF vari-

ation uncertainty is estimated using a re-diagonalised set of 7 PDF eigenvectors [120]

which are orthogonal between the W and Z bosons and treated as separate nuisance pa-

rameters. In the end, PDF variation is one of the largest theoretical uncertainty sources

for this analysis. Figure 6.7 depicts the PDF variation related uncertainty as shown in

solid grey lines, which is quite large in the very high-mass region. And this might be

potentially a limitation factor for the future sensitivity improvement.

The VRAP [119] is used to estimate PDF scales and αS variation uncertainties. For

scale uncertainty, it is assessed by varying the nominal CT14NNLO PDF [120] renormal-

ization and factorization scales by a factor of two. While αS uncertainty is estimated

by using the nominal value of 0.118 with a variation of ±0.003. The EW correction re-

lated uncertainty is calculated by comparing the nominal additive (1+δEW+δQCD) treat-

ment with the multiplicative approximation ((1+δEW)(1+δQCD)) treatment of the EW

correction in the combination of the higher-order EW and QCD effects. The PI correc-

tion uncertainty is computed based on the quark masses and the photon PDF related

uncertainties. Besides, the uncertainty arising from the PDF choice is estimated with
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Figure 6.7: Asymmetric uncertainty on the Drell-Yan cross section as a function of
mll due to the PDF eigenvector variations shown in two solid grey lines, with other

possible PDF choices overlayed.

the recommendations from Ref. [121], by comparing the central values of CT14NNLO,

MMHT14 [122] and NNPDF3.0 [123], and the maximum absolute deviation from the

envelope of their comparisons is taken into account as the uncertainty on PDF choice.

The experimental uncertainties considered include lepton trigger, isolation, identi-

fication and reconstruction efficiency, together with the lepton energy and momentum

scale and resolution. These related uncertainties are provided by the official recommen-

dations of performance groups. For the ee channel, the identification uncertainty effect is

2.0%, which is independent of ET when it goes beyond 150 GeV. And a relatively large

uncertainty arising from the isolation is due to the calorimeter-based isolation variable

adopted for electrons. Also as described in Subsection 6.4.1, the uncertainty on the fakes

estimation for electron channel is considered by varying the extrapolation method as well

as the probability value.

While for the µµ channel, the largest uncertainty comes from the muon reconstruc-

tion efficiency, which includes the uncertainty obtained from Z → µµ data studies and a

high-pT extrapolation uncertainty. And muon momentum resolution uncertainty is esti-

mated in certain data-taking periods with no magnetic field applied in the MS system.

Besides the lepton related uncertainties above, the uncertainty due to the pile-up effect

is derived by applying a variation in the reweighting of MC events, which can cover the

uncertainty on the ratio of the predicted and measured inelastic cross-section within the

fiducial volume of mX >13 GeV (mX is the mass of the non-diffractive hadronic sys-

tem) [124]. The uncertainty on the total integrated luminosity in 2015 and 2016 is 3.2%
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Source Dielectron channel [%] Dimuon channel [%]
Signal Background Signal Background

Luminosity 3.2 (3.2) 3.2 (3.2) 3.2 (3.2) 3.2 (3.2)
MC statistical <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0)
Beam energy 2.0 (4.1) 2.0 (4.1) 1.9 (3.1) 1.9 (3.1)
Pile-up effects <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0)
DY PDF choice N/A <1.0 (8.4) N/A <1.0 (1.9)
DY PDF variation N/A 8.7 (19) N/A 7.7 (13)
DY PDF scales N/A 1.0 (2.0) N/A <1.0 (1.5)
DY αS N/A 1.6 (2.7) N/A 1.4 (2.2)
DY EW corrections N/A 2.4 (5.5) N/A 2.1 (3.9)
DY γ-induced corrections N/A 3.4 (7.6) N/A 3.0 (5.4)
Top quarks theoretical N/A <1.0 (<1.0) N/A <1.0 (<1.0)
Dibosons theoretical N/A <1.0 (<1.0) N/A <1.0 (<1.0)
Reconstruction efficiency <1.0 (<1.0) <1.0 (<1.0) 10 (17) 10 (17)
Isolation efficiency 9.1 (9.7) 9.1 (9.7) 1.8 (2.0) 1.8 (2.0)
Trigger efficiency <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0) <1.0 (<1.0)
Identification efficiency 2.6 (2.4) 2.6 (2.4) N/A N/A
Lepton energy scale <1.0 (<1.0) 4.1 (6.1) <1.0 (<1.0) <1.0 (<1.0)
Lepton energy resolution <1.0 (<1.0) <1.0 (<1.0) 2.7 (2.7) <1.0 (6.7)
Multi-jet & W+jets N/A 10 (129) N/A N/A

Total 10 (11) 18 (132) 11 (18) 14 (24)

Table 6.5: Summary of the relative systematic uncertainties in the expected number
of events at mll of 2 TeV and 4 TeV. The values quoted in parenthesis correspond to
mll = 4 TeV. The values shown for the background represent the relative variations in
the total expected number of events in the corresponding mll histogram bin containing
the reconstructed mll mass of 2 TeV (4 TeV). For the signal uncertainties the values are
derived using the Z ′χ signal model with a pole mass of 2 TeV (4 TeV) by comparing yields
around the mass peak (within the full width at half maximum) between the spectrum
varied due to a given uncertainty and the nominal spectrum. “N/A” represents cases

where the uncertainty is not applicable.

while the beam energy uncertainty is 0.65%.

Table 6.5 summarizes the systematic uncertainties quantitatively at mll of 2 and

4 TeV.

6.6 Statistical Analysis

This section will describe the statistical interpretation for this search. A frequentist-

based method (log-likelihood ratio test) is used to search for any data excess in the mll

128



Chapter 6. Search for New Phenomena with the Dilepton Final State

spectra. And in the absence of any significant bumps, a Bayesian approach is adopted to

set the exclusion limits on related POI for the corresponding theory models.

6.6.1 Log-likelihood ratio test

The log-likelihood ratio (LLR) test [116] is utilized to search for data excess and

provide the corresponding local and global significance. Similarly as described in Sec-

tion 5.7, the likelihood function is defined by taking the product of per-bin likelihood

across the mll distribution. To quantify the importance of an excess, p−value (p0) is

adopted, which represents the probability that the background fluctuation creates an

equal or larger excess as observed. For simplicity, the p0 values can be transformed into

an equivalent significance Z, which is defined in a way that a Gaussian distributed vari-

able with Z standard deviations above its mean value has an upper-tail probability equal

to p0. The relation between p0 and Z can be described as below:

Z = Φ−1(1− p0), (6.8)

where Φ−1 is the inverse of the cumulative function for the standard Gaussian. Hence, for

the background-only hypothesis, the probability to have an excess with 5σ significance

(Z = 5) is p0 = 2.87 × 10−7. And by convention, 5σ is the desired significance value for

claiming a discovery in the particle physics.

To calculate p0, the corresponding test statistic is constructed as below:

q0 =


+2 ln L(data|0,θ̂0)

L(data|µ̂,θ̂) for µ̂ < 0.

−2 ln L(data|0,θ̂0)

L(data|µ̂,θ̂) for µ̂ > 0.

(6.9)

Based on frequentist, the background-only toys can be generated using the nuisance

parameter θ̂obs0 and events following the Poisson distribution. And then a PDF f(q0|0, θ̂obs0 )

is built from the generated toys. Afterwards, we can evaluate the probability p0 for a

certain observation value qobs0 as the equation below:

p0 = P (q0 > qobs0 |background-only) =

∫ ∞
qobs0

f(q0|0, θ̂obs0 )dq0 (6.10)
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To save the computing time and resource, we adopt the asymptotic approximation

method and simply calculate p0 from q0 following the expression below:

p0 = 1− Φ(
√
q0) (6.11)

And the significance can be calculated accordingly:

Z =
√
q0. (6.12)

In general, we need to take into account the “look elsewhere effect” [125] when

quantifying a data excess and calculate the so-called global p−value. This is the proba-

bility of finding a fluctuation with a local p−value equal or lower than the minimum local

p−value observed anywhere in the explored mll range. Based on asymptotic relations, we

can calculate the global p−value following the equation below:

pglobal = P (q(θ̂) ≥ c) ≤ P (χ2 > c) + 〈N(c0)〉e−(c−c0)/2, (6.13)

where c is the observed value of the test statistic q0 while c0 is a certain reference value.

For the right hand side of Equation 6.13, the first term denotes the local p−value from

an expression of Wilks’ theorem [126] for one degree of freedom, and the second term

quantifies the look elsewhere effect by introducing the 〈N(c0)〉 which is defined as the

average number of upcrossings of q0 for the level c0. Due to the look elsewhere effect,

to claim an evidence with 3σ global significance, generally we need a data excess with a

local significance surpassing 4.4σ.

6.6.2 Exclusion limits with Bayesian approach

With the LLR test as described above, if there is no significant excess observed,

exclusion limits on the POIs (Θ) are set for specific theory models by adopting the

Bayesian approach for this analysis. We can write the number of total expected events

µ (passing signal selection criteria) into the formula below:

µ = ns(Θ,Ω) + nb(Ω) (6.14)

Here ns(Θ,Ω) denotes the number of signal events predicted by the Pythia8 [67] Z ′

or CI MC for a certain choice of model parameter Θ. And Θ represents the choice of

Z ′ polemass for the resonance case, or the energy scale Λ and interference parameter
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ηLL for the CI case. nb(Ω) is the number of total background events. Ω in the signal

and background terms depict the set of Gaussian nuisance parameters that account for

the systematic uncertainties on the number of expected signal and background events

respectively.

Then similarly as described in the previous section, the likelihood can be constructed

by taking the product of the Poisson probabilities for each mll bin k in each channel l,

which is shown below:

L(n | Θ,Ω) =

Nchannel∏
l=1

Nbin∏
k=1

µnlklk e
−µlk

nlk!
, (6.15)

here nlk and µlk represent the corresponding number of events for observation (data) and

prediction (expressed in Equation 6.14) respectively.

Furthermore based on Bayes’ theorem and likelihood Equation 6.15, the posterior

probability can be written as:

P(Θ | n) =
1

Z
LM(n | Θ)P (Θ) (6.16)

For this equation, Z corresponds to a normalization constant while the marginalized

likelihood LM is the likelihood after all nuisance parameters integrated out based on

the assumption that they are correlated across all the bins. P (Θ) denotes the prior

probability which is chosen to be uniform and positive in the cross-section for the Z ′

search. Then the 95% CL limit can be obtained by searching for a value Θlim satisfying∫ Θlim

0
P(Θ | n) dΘ = 0.95. And Θlim can be transformed into either lower limit on Z ′

mass or lower limit on CI scale Λ for the corresponding models. The Bayesian Analysis

Toolkit (BAT) [127] is adopted for the limits calculation, with a Markov Chain Monte

Carlo technique utilised for the nuisance parameters integration.

6.7 Results

As described in Section 6.6, first the LLR tests are performed to search for any

significant deviations in the data comparing with the predictions. Figure 6.8 shows the

local and global p−value as function of the Z ′ polemass for individual channel as well as

the results by combining two channels. The largest deviation observed is around 2.37 TeV
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in ee channel with a local significance value of 2.5 σ. But after taking into account the

look elsewhere effect, this excess is not really significant.
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Figure 6.8: Local and global p−value as a function of Z ′ polemass in ee (top left),
µµ (top right) and combined channels (bottom).

Since there is no clear evidence for the observation of any new physics, the exclusion

limits are set for the specific models at the 95% CL. Figure 6.9 depicts the upper limits on

the Z ′ cross section times branching ratio (σB) as a function of Z ′ polemass in ee, µµ and

combined channels. Then the lower limits on Z ′ mass can be derived for different theory

models, which are summarized in Table 6.6. Specifically, by combining two channels, the

mass below 4.5 TeV is excluded at the 95% CL for Z ′SSM , 4.1 TeV for Z ′χ, and 3.8 TeV

for Z ′ψ [35]. Comparing with the Run 1 results [32], which is 2.90 TeV for Z ′SSM , the

sensitivity gained at the Run 2 is significantly improved. The CMS collaboration has also

performed a search of narrow resonances with the dilepton final states and set the lower

mass limits on Z ′SSM and Z ′ψ to be 4.50 TeV and 3.90 TeV [128], which are consistent

with our results.

Then for the CI, Figure 6.10 shows lower limits on the energy scale Λ for the LL,

LR, RL and RR CI models in the constructive and destructive interference scenarios at
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Figure 6.9: Observed and expected 95% CL upper limits on Z ′ cross section times
branching ratio (σB) as a function of Z ′ polemass in ee (top left), µµ (top right) and

combined channels (bottom).

Model Width [%] θE6 [rad]
Lower limits on mZ′ [TeV]

ee µµ ``
Obs Exp Obs Exp Obs Exp

Z ′SSM 3.0 - 4.3 4.3 4.0 3.9 4.5 4.5
Z ′χ 1.2 0.50 π 3.9 3.9 3.6 3.6 4.1 4.0
Z ′S 1.2 0.63 π 3.9 3.8 3.6 3.5 4.0 4.0
Z ′I 1.1 0.71 π 3.8 3.8 3.5 3.4 4.0 3.9
Z ′η 0.6 0.21 π 3.7 3.7 3.4 3.3 3.9 3.8
Z ′N 0.6 −0.08 π 3.6 3.6 3.4 3.3 3.8 3.8
Z ′ψ 0.5 0 π 3.6 3.6 3.3 3.2 3.8 3.7

Table 6.6: Observed and expected 95% CL lower mass limits for various Z ′ theory
models.
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the 95% CL. Table 6.7 summarizes the quantitative limit numbers for various models,

ranging between 24 TeV and 40 TeV [35].
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Figure 6.10: Observed and expected 95% CL lower limits on the CI energy scale
scale Λ for various models with constructive (const) and destructive (dest) interference

in ee (top left), µµ (top right) and combined channels (bottom).
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Channel Prior
Lower limits on Λ [TeV]

Left–Left Left–Right Right–Left Right–Right

Const Dest Const Dest Const Dest Const Dest

Obs: ee
1/Λ2 36.9 24.0 33.0 26.1 32.8 26.3 32.6 26.3

Exp: ee 28.0 21.5 25.8 22.6 25.7 22.7 25.4 22.5

Obs: ee
1/Λ4 31.7 22.3 28.9 24.0 28.6 24.1 28.7 24.1

Exp: ee 25.7 19.9 23.9 21.2 23.8 21.2 23.6 21.0

Obs: µµ
1/Λ2 29.8 20.3 27.8 22.0 27.5 22.4 27.5 20.4

Exp: µµ 26.1 19.6 24.4 21.2 24.3 21.0 24.2 19.7

Obs: µµ
1/Λ4 26.7 18.9 25.1 20.7 25.0 20.9 24.9 19.0

Exp: µµ 23.8 18.4 22.5 19.7 22.4 19.8 22.2 18.4

Obs: ``
1/Λ2 40.1 25.4 35.7 27.5 35.1 27.5 35.2 27.7

Exp: `` 30.9 22.7 28.2 23.8 28.0 24.0 28.3 23.5

Obs: ``
1/Λ4 35.2 23.5 31.8 25.1 31.5 25.3 31.4 25.2

Exp: `` 28.4 21.1 26.3 22.4 26.2 22.5 26.0 22.0

Table 6.7: Summary of observed and expected 95% CL lower limit numbers on Λ for
the LL, LR, RL, and RR chiral coupling scenarios, for both the constructive (const)
and destructive (dest) interference cases using a uniform positive prior in 1/Λ2 or 1/Λ4.
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Summary and Outlook

This thesis presents two physics analysis topics: the first one is searching for the

SM H → µµ; and the second one is searching for the new physics phenomena at TeV

mass scale with the dilepton final state. Data used in these analyses are collected by

the ATLAS experiment during 2015 and 2016 from the LHC proton-proton collisions at

the center-of-mass energy of 13 TeV, corresponding to a total integrated luminosity of

36.1 fb−1.

For the SM H → µµ search, the BDT technique has been implemented in this

analysis for the first time, which is used for the VBF-sensitive categories selection and

helps to improve the overall sensitivity by more than 10%. This analysis produced the

most sensitive search result on the SM H → µµ at the time when it was published in

2017. Our observed (expected) upper limit on the signal strength µ is set to be 3.0 (3.1)

at 95% CL, which has been improved by more than a factor of two, comparing with the

Run 1 result based on 24.8 fb−1 data from the LHC proton-proton collisions at 7 and

8 TeV. Evidently, by applying the advanced data analysis technique in this thesis work,

the H → µµ detection sensitive improvement has largely exceeded originally expected

improvement based on statistical increase with the new Run 2 dataset. With a statistical

combination of the Run 1 and Run 2 results, the corresponding observed (expected) upper

limit on the H → µµ signal strength is 2.8 (2.9). A rough sensitivity projection for this

analysis is performed based on the current categorization method by varying the spurious

signal (SS) uncertainty (the dominant systematic uncertainty for this analysis) impact on

the signal strength (µ) measurement. Figure 7.1 shows the estimated signal significance

as a function of the integrated luminosity for different SS uncertainty scenarios. The red

curve in Figure 7.1 represents the current SS uncertainty impact on µ, which is ∼0.3.
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As shown in the projection plot, in order to further improve the sensitivity in the future

analysis, further optimization on the selection and categorization criteria are needed in

order to enhance the Signal/Background ratio, while on the other hand the methodology

on the SS uncertainty estimating or background modeling function can be improved to

further reduce the SS uncertainty impact.
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Figure 7.1: Rough estimation of signal significance vs integrated luminosity for dif-
ferent spurious signal (SS) uncertainty scenarios.

The increasing of the center-of-mass energy at the LHC run 2 provides unique

opportunity for the physicists to search for the new physics beyond the SM at TeV mass

scale. Moreover, the clean dilepton final state with high mass resolution provides the

most sensitive experiment approach to look for new physics signature with broad range

of the dilepton invariant mass spectrum. In the ATLAS Run 2 program, a dedicated

High-pT working-point has been developed by the muon performance group, particularly

for the new physics searches at high-mass scale, which helps to improve the resolution

for muons with very high pT . With 36.1 fb−1 Run 2 data, no significant data excess

is observed over the background predicted by the SM. Therefore much more stringent

limits have been set on the POIs for the corresponding Z ′ and CI models comparing with

the Run 1 results. For the Z ′SSM , Z ′χ and Z ′ψ models, masses below 4.5 TeV, 4.1 TeV

and 3.8 TeV have been excluded at 95% CL. Figure 7.2 shows the observed limits for

µSSM (σlimit/σSSM) from different searching phases at
√
s = 7, 8 and 13 TeV. The black

curve represents the current search, which shows around 50% improvement for the mass
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limit comparing with the one obtained in the Run 1 analysis (blue curve). While for the

CI, the observed lower limits on energy scale Λ for fermion internal structure have been

set ranging between 24 TeV and 40 TeV.
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Figure 7.2: Ratio of the observed limit for the Z ′ search to the Z ′SSM cross section
for current searches together with previous results at

√
s = 7, 8 and 13 TeV.

Besides the two analyses described above, the studies on the muon offline DQ

task (as my qualification task for the ATLAS experiment), and on the impact of ID−MS

alignment on high pT muon resolution have also been briefly described in Subsection 5.3.2

and Sub-subsection 4.2.4.5, respectively.

The software packages for muon offline DQ monitoring have been re-written with

substantial updates and more functionality added. Comparing with the previous packages

used in the Run 1, the new packages are more user-friendly and adopted since the start of

the Run 2, which help the offline shifters scrutinize the data quality more efficiently. The

effort on this task is very crucial for generating the final Good-Run-List of the dataset

to be used for various physics analyses including searches for the SM Higgs decaying

into dimuon and new phenomena searches with the dilepton final state presented in this

dissertation.

The other study on the ID−MS alignment is quite important for the muons with

very high pT (above 300 GeV), which could potentially help to improve the detection

sensitivities for new phenomena (e.g. Z ′, CI, W ′...) searches at high-mass regime. The

preliminary results have shown that with a simplified statistical combination between the

139



Chapter 7. Summary and Outlook

ID and MEMS tracks, we can gain ∼5% improvement on the resolution for muons with

pT of ∼1 TeV after correcting the mis-alignment between the ID and MS detectors. More

efforts are underway to further demonstrate and quantify the improvement on muon pT

resolution with the official reconstruction program.

By the end of 2018 (the end of the Run 2), a total integrated luminosity of >120 fb−1

data will be collected. With this amount of dataset, searches for both the SM H →
µµ and high-mass phenomena will be re-performed. Currently, efforts are ongoing for

developing the methodology and strategy for these two analyses in the next round, as well

as improving the related object reconstruction and performance. Therefore, we expect to

further gain much better sensitivities for these two analyses with the full dataset collected

in the Run 2. After the Run 2, the LHC will be upgraded to 14 TeV and continue running

for decades. Eventually a total amount of data corresponding to ∼3000 fb−1 integrated

luminosity will be recorded by the experiments at the LHC. We expect to discover the

H → µµ decay channel in the coming years at the LHC. With 3000 fb−1 data, we expect

to detect H → µµ with ∼9 σ significance which would allow to measure the Higgs boson

to dimuon coupling with an accuracy better than 10%. In the meanwhile, there will be

much more enlarged phase space for new physics searches at the LHC.
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