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ABSTRACT

The discovery of the Higgs boson in 2012 marked a great success of the Standard

Model (SM) of particle physics. Up to now, the branching ratio of the Higgs boson

to undetected particles beyond the Standard Model (BSM) is not well constrained

(up to 22%). Long-lived particles (LLPs) show up in a variety of BSM theories, such

as Higgs portal models. This thesis presents a search for displaced vertices from

LLP decays in the ATLAS muon spectrometer (MS) using 139 fb−1 of proton-proton

collision data at
√
s = 13 TeV collected by the ATLAS detector at the LHC from 2015

to 2018. The signal benchmark model of interest is a Hidden Sector scenario, where

a Higgs-like boson can decay into a pair of neutral long-lived scalars. A specialized

trigger is used to collect events that produce high activity in the MS. A specialized

software algorithm subsequently reconstructs vertices in the MS. Background to two

LLP decays producing displaced vertices in the MS are determined using a data-driven

method. To extend the sensitivity of the search to a wide range of LLP proper lifetime

cτs, we employ a toy Monte Carlo method. No events are found after event selection

optimized for the LLP signal. The 95% confidence level limits on the branching

ratio into LLPs for the SM-like Higgs boson with 125 GeV mass are subsequently

constructed. The LLP cτs are excluded at 95% CL from about 4 cm to 71.3 m for the

branching ratio above 10% depending on mass. If the Higgs-like boson has a mass

different than 125 GeV, we set the 95% CL upper limit on the LLP production cross

section.
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CHAPTER 1

Introduction

Particle physics studies the elementary constituents and fundamental interactions in

our world. In the latter part of the 20th century, a consistent mathematical frame-

work called the Standard Model (SM) [1, 2] was developed to describe them. The

Standard Model is a gauge quantum field theory that describes the strong, weak

and electromagnetic interactions between the elementary particles. During the past

50 years, from the discovery of quarks in 1970s to the discovery of the Higgs boson

in 2012 [3, 4], all SM particles have been experimentally observed. With enormous

amounts of precise measurements, no particles outside of the SM have been observed

at the Large Hadron Collider (LHC) or other experiments.

There are several reasons why we believe the SM to be incomplete, or an ap-

proximation to some more fundamental one. Among these are the non-zero neutrino

mass, hierarchy problem, strong CP problem, and lack of dark matter candidate.

Many extensions of the SM have been developed in order to address some of these

problems. A list of a few of these models includes minimal supersymmetric SM

(MSSM) [5, 6], split supersymmetry (SUSY) [7, 8], SUSY with R-parity violation

(RPV) [9], Stealth SUSY [10, 11], Hidden Valley models [12, 13], neutral naturalness

theories [14, 15, 16, 17], neutrino mass theories [18, 19, 20, 21], dark matter theories

[22, 23, 24] and baryogenesis [25, 26, 27].

Several of these Beyond-the-Standard Model (BSM) theories contain new, long-

lived particles (LLPs) in their description [28]. A long-lived particle is defined as a

fundamental particle that decays with large proper lifetime so that it has a detectable

vertex some distance away from the primary vertex (PV). There are generally several

theoretical mechanisms that can give rise to a long-lived particle: heavy propagator

(e.g. split SUSY), small coupling between LLP and its decay products (e.g. RPV

SUSY), and suppressed decay phase space (e.g. Stealth SUSY).

Depending on the lifetime and the traveling speed, an LLP can possibly decay any-

where inside the detector and leave a secondary vertex, which is also called displaced

vertex. For example, in the ATLAS detector, we can search for LLPs in the inner

detector (ID), calorimeter, or muon spectrometer (MS). Depending on the specific
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model that includes LLPs, the decay modes can be hadronic, leptonic, semileptonic

or photonic. In ATLAS, a very rich spectrum of LLP search strategies is possible and

listed in Figure 1.1 [29]. This analysis focuses on a search for two displaced vertices

produced by LLP decays that are reconstructed with the muon spectrometer. The

Hidden Sector model is used as a benchmark model against which to compare the

data.

This dissertation is organized as follows. Chapter 2 gives an introduction to the

theory of the Standard Model and the BSM benchmark models used in the analysis.

Chapter 3 describes the LHC accelerator and the ATLAS detector. Chapter 4 sum-

marizes the details of data and Monte Carlo samples used in the analysis. Chapter 5

describes the Run 2 trigger system of the ATLAS detector. A specialized Muon RoI

Cluster Trigger used for this analysis is presented. Chapter 6 discusses the recon-

struction of objects that are used in the analysis including charged particle tracks,

jets, missing transverse energy, and vertices reconstructed in the muon spectrometer.

Chapter 7 presents the criteria to select displaced vertices and the reconstruction

efficiency for LLPs. Chapter 8 describes the strategy for selecting events that could

contain LLP decays. The background estimation, lifetime extrapolation procedure

and systematic uncertainties are also described. Chapter 9 presents the statistical

model used to interpret the data and the upper limit cross section results. Chapter

10 gives a summary and discusses the future work to be done.
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Figure 1.1: 95% CL lifetime limits from various recent LLP searches in the ATLAS
experiment.
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CHAPTER 2

Theories of Particle Physics

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics is a SU(3)C × SU(2)L×U(1)Y gauge theory

that describes the fundamental interactions. Among them, electromagnetic interac-

tion was firstly understood by researchers. From study, people discovered that the

electromagnetic interaction satisfies U(1) gauge invariance and the photon is the me-

diator that propagates the electromagnetic interaction. In 1961, Glashow proposed a

SU(2)×U(1) theoretical model that unified the electromagnetic and weak interactions

[30].

In 1967 and 1968, Weinberg and Salam introduced spontaneous symmetry break-

ing (SSB) into this model [31, 32] and a gauge theory with Higgs mechanism [33, 34]

was constructed. In 1971 and 1972, t’Hooft and Veltman proved that this theory

is unitary and renormalizable [35, 36]. In 1970, Glashow, Iliopoulos and Maiani

developed the GIM mechanism [37] that explains why flavor-changing neutral cur-

rents are suppressed and predicted the existence of charm quark. In 1973, Kobayashi

and Maskawa extended the GIM mechanism and introduced a quark mixing matrix

(Cabibbo–Kobayashi–Maskawa matrix or CKM matrix) that describes the strength

of the flavor-changing weak interaction between three generation of quarks [38, 39].

The electroweak interaction is thus described by SU(2)L×U(1)Y . The strong interac-

tion has SU(3)C gauge symmetry and is described by the quantum chromodynamics

(QCD) theory [40].

Experiments carried out over several decades tested the predictions of the Stan-

dard Model as well as searched for phenomena not associated with it. In 1974, the

charm quark was discovered by two teams led by Samuel Ting at Brookhaven Na-

tional Laboratory [41] and Burton Richter at the Stanford Linear Accelerator Center

[42]. In 1977, the bottom quark was discovered at the Fermilab experiment by a

team led by Leon M. Lederman [43]. In 1983, the W and Z bosons were discovered

at CERN [44, 45, 46, 47]. In 1995, the top quark was discovered by the CDF and

DØ experiments at Fermilab [48, 49]. In 2000, the direct evidence of tau neutrino

interactions was found by the DONUT experiment at Fermilab [50]. In 2012, the last
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undiscovered SM particle Higgs boson was found at the LHC [3, 4]. This brief history

review shows the huge success of the SM in explaining three of the four fundamental

forces and the associated elementary particles.

2.1.1 SM Particles and Interactions

In the SM, fermions with spin-1/2 are called matter particles, i.e. leptons and quarks.

The properties of these particles are summarized in Table 2.1. Charged leptons in-

clude electron, muon and tau. Neutral leptons have electron neutrino, muon neutrino

and tau neutrino. SM neutrinos are massless. With the discovery of neutrino os-

cillation, effects have been made to extend the SM so that massive neutrinos can

be included [51]. These six types of leptons are grouped in three generations. Each

lepton generation has a left-handed weak isospin doublet and a right-handed weak

isospin singlet.

Quarks include up quark, down quark, charm quark, strange quark, top quark

and bottom quark. Similar to leptons, quarks are also grouped in three generations.

Each quark generation has a left-handed weak isospin doublet and two right-handed

weak isospin singlets. Unlike leptons, quarks carry an extra color charge (red, green

or blue) which is related to the strong interaction.

Fermion 1st Gen. 2nd Gen. 3rd Gen. I I3 Y Q

Lepton

(
νe
e

)
L

(
νµ
µ

)
L

(
ντ
τ

)
L

1
2

(
1
2

−1
2

)
-1

(
0
−1

)
eR µR τR 0 0 -2 -1

Quark

(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

1
2

(
1
2

−1
2

)
1
3

(
2
3

−1
3

)
uR cR tR 0 0 4

3
2
3

dR sR bR 0 0 −2
3

−1
3

Table 2.1: Three generations of SM fermions with their quantum numbers. I is weak
isospin. I3 is the third component of weak isospin. Y is hypercharge. Q is electric
charge.

Fermions can interact with each other by exchanging spin-1 gauge bosons, which

include the photon, W boson, Z boson and gluon. Table 2.2 lists the quantum num-

bers of these gauge bosons and Higgs. The electromagnetic interaction is generated by

exchanging photons between charged particles. The theory that describe this interac-

tion is quantum electrodynamics (QED). The strong and weak interactions get their
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names from comparing their interaction strength with electromagnetic interaction.

Since the photon is massless, the effective range of the electromagnetic interaction is

infinite long.

The weak interactions exists among all the fermions and is generated by the ex-

change of W and Z bosons. Its strength is a bit larger than that of the electromagnetic

interaction. The weak interaction has several obvious features. First, the weak inter-

action shows different behavior for fermions with different chirality. For example, W

boson only couples with left-handed fermions and their right-handed anti-fermions.

The Z boson can interact with fermions with any chirality. Next, since the W and Z

bosons are massive (∼80 GeV), the weak interaction has a very short effective range

(around 10−17 to 10−16 m). The weak interaction is the only interaction that can

change the flavor of quarks. In the SM, the masses of W and Z bosons are generated

through an interaction with the Higgs field, which is a spin-0 scalar field with a non-

zero vacuum expectation value. This mechanism is called the Higgs mechanism and

will be described later.

The strong interaction only affects particles with color charge, i.e. quarks and

gluons. This interaction is mediated by the gluon, which is a massless neutral boson.

The strength of the strong interaction is much larger than that of the electroweak

interaction. The strength of the strong force decreases (increases) with decreasing

(increasing) distance between two color charges.

Quarks and gluons do not exist in isolation. Because of the nature of the strong

interaction, the separation of quarks results in the creation of new quark-antiquark

pairs. This phenomena is known as color confinement and is related to the hadroniza-

tion of quarks and gluons produced in collisions.

Bosons S I I3 Y Q

γ 1 0 0 0 0
Z 1 1 0 0 0
W± 1 1 ±1 0 ±1
g 1 0 0 0 0
H 0 1

2
−1

2
1 0

Table 2.2: SM bosons and their quantum numbers. S is spin. I is weak isospin. I3 is
the third component of weak isospin. Y is hypercharge. Q is electric charge.
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2.1.2 SU(2)L × U(1)Y Electroweak Gauge Theory

An important element of electroweak theory is local gauge invariance. Taking U(1)

gauge transformation as an example, consider the Lagrangian of Dirac field ψ(x),

L0 = iψ̄(x)γµ∂µψ(x)−mψ̄(x)ψ(x). (2.1)

L0 is invariant under global U(1) transformations

ψ(x)
U(1)−−→ ψ′(x) ≡ exp{iQθ}ψ(x), (2.2)

where θ is an arbitrary real number, Q is the electric charge. When θ becomes a

local phase rather than global phase, i.e., θ = θ(x), this Lagrangian is no longer

invariant. Invariance can be regained by introducing a vector field Aµ(x), which has

a corresponding gauge transformation

Aµ(x)
U(1)−−→ A′µ(x) ≡ Aµ(x)− 1

e
∂µθ. (2.3)

In addition, the original partial derivative needs to be replaced by the gauge covariant

derivative,

Dµψ(x) ≡ [∂µ + ieQAµ(x)]ψ(x). (2.4)

Then it is easy to verify that Lagrangian

L ≡ iψ̄(x)γµDµψ(x)−mψ̄(x)ψ(x) = L0 − eQAµ(x)ψ̄(x)γµψ(x) (2.5)

is invariant under the local U(1) gauge transformation.

The last term in Equation 2.5 arises as a consequence of local gauge invariance and

gives the interaction. This interaction term is the familiar QED interaction between

photon and electrons. It can be seen that gauge symmetry plays a very important

role in modern theories of particle physics.

In the SM electroweak gauge theory, the gauge symmetry group is

G ≡ SU(2)L × U(1)Y . (2.6)

Subscript L represents left-handed and Y refers to hypercharge. Their meaning will

be given later. The SM Lagrangian can be separated into four parts: the gauge part,

fermion part, Higgs part, and Yukawa part:

LSM = Lgauge + Lf + LHiggs + LYukawa. (2.7)
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Lgauge gives kinetic term and interaction terms of the gauge bosons. Lf gives kinetic

term of fermion field and their interaction with gauge bosons. LHiggs gives the kinetic

and potential terms of the Higgs field and the interaction between the Higgs field and

gauge bosons. LYukawa describes the coupling between the Higgs field and fermions.

For quarks, we introduce the notation

ψ1(x) =

(
u

d

)
L

, ψ2(x) = uR, ψ3(x) = dR, (2.8)

where u and d represent up type and down type quarks of three generations. For

leptons, we use a similar notation

ψ1(x) =

(
νe

e

)
L

, ψ2(x) = νeR, ψ3(x) = eR. (2.9)

Since there is no right-handed neutrinos, ψ2(x) can be regarded as zero. With the

help of these notations, Lf can be expressed as

Lf =
3∑
j=1

iψ̄j(x)γµDµψj(x). (2.10)

Fermion fields have the following SU(2)L × U(1)Y local gauge transformation

ψ1(x)
G−→ ψ′1(x) ≡ exp{iY1

2
β(x)}ULψ1(x),

ψ2(x)
G−→ ψ′2(x) ≡ exp{iY2

2
β(x)}ψ2(x), (2.11)

ψ3(x)
G−→ ψ′3(x) ≡ exp{iY3

2
β(x)}ψ3(x).

UL is the SU(2)L transformation matrix for doublet ψ1(x)

UL ≡ exp{iσi
2
αi(x)} (i = 1, 2, 3), (2.12)

where σi is the Pauli matrix and Yi is called hypercharge. It is worth noting that

there is no mass term in (2.10). ψ(x) has to be massless, otherwise an additional

term of m(ψ̄LψR + ψ̄RψL) will be introduced and thus breaks the gauge invariance.

Because there are four gauge parameters αi(x) and β(x), four corresponding gauge

fields need to be introduced into the covariant derivative Dµ. These are denoted as
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W i
µ(x) (i = 1, 2, 3) and Bµ(x):

Dµψ1(x) ≡ [∂µ + igW̃µ(x) + ig′
Y1

2
Bµ(x)]ψ1(x),

Dµψ2(x) ≡ [∂µ + ig′
Y2

2
Bµ(x)]ψ2(x), (2.13)

Dµψ3(x) ≡ [∂µ + ig′
Y3

2
Bµ(x)]ψ3(x),

where

W̃µ(x) ≡ IiW
i
µ(x) =

σi
2
W i
µ(x), (2.14)

and Ii = σi
2

is the SU(2) weak isospin generator under fundamental representation.

The U(1)Y gauge field Bµ and SU(2)L gauge fields W i
µ (i = 1, 2, 3) have following

gauge transformation

Bµ(x)
G−→ B′µ(x) ≡ Bµ(x)− 1

g′
∂µβ(x), (2.15)

W̃µ
G−→ W̃ ′

µ ≡ UL(x)W̃µU
†
L(x) +

i

g
∂µUL(x)U †L(x). (2.16)

It may be noticed that the transformation of Bµ is same as the transformation of a

photon field (2.3) in QED, but Bµ itself is not the electromagnetic vector potential.

In order to establish the kinetic terms of these gauge fields, it is convenient to

define the gauge field strength tensor

Bµν ≡ ∂µBν − ∂νBµ, (2.17)

W̃µν ≡ −
i

g
[(∂µ + igW̃µ), (∂ν + igW̃ν)] = ∂µW̃ν − ∂νW̃µ + ig[W̃µ, W̃ν ], (2.18)

W̃µν ≡
σi
2
W i
µν , W i

µν = ∂µW
i
ν − ∂νW i

µ − gεijkW j
µW

k
ν . (2.19)

where εijk is the Levi-Civita totally antisymmetric tensor. Bµν is invariant under

SU(2)L × U(1)Y , but W̃µν has following transformation:

W̃µν
G−→ ULW̃µνU

†
L. (2.20)

The kinetic term of the gauge fields then follows as

Lgauge = −1

4
BµνB

µν − 1

2
Tr[W̃µνW̃

µν ]

= −1

4
BµνB

µν − 1

4
W i
µνW

µν
i . (2.21)
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Since W i
µν contains a quadratic term of W i

µ, Lgauge contains terms that describe the

triple and quartic couplings of the gauge bosons. Gauge bosons remain massless in

Lgauge, because the introduction of a mass term will destroy the gauge invariance.

The interaction terms between fermions and gauge bosons are contained in Equation

2.10. If we expand the Lagrangian, we will be able to find their interaction term

Lf → −gψ̄1γ
µW̃µψ1 − g′Bµ

3∑
j=1

yj
2
ψ̄jγ

µψj, (2.22)

where

W̃µ =
σi

2
W i
µ =

1

2

(
W 3
µ

√
2W+

µ√
2W−

µ −W 3
µ

)
, (2.23)

W−
µ ≡ (W 1

µ + iW 2
µ)/
√

2, W+
µ ≡ (W 1

µ − iW 2
µ)/
√

2. (2.24)

The W+
µ and W−

µ represent the two charged states of the W boson. The charged

current interactions between quarks or leptons and the W boson follows as

LCC = − g

2
√

2
{W+

µ [ūγµ(1− γ5)d+ ν̄eγ
µ(1− γ5)e] + h.c.}. (2.25)

The photon γ and Z boson are realized through mixing between W 3
µ and Bµ:(

Zµ

Aµ

)
=

(
cosθW −sinθW

sinθW cosθW

)(
W 3
µ

Bµ

)
, (2.26)

where θW is called the weak mixing angle. Then, using Aµ and Zµ, the neutral current

interaction can be expressed as

LNC = −
∑
j

ψ̄jγ
µ{Aµ[gI3,jsinθW + g′

Yj
2

cosθW ]

+ Zµ[gI3,jcosθW − g′
Yj
2

sinθW ]}ψj, (2.27)

where I3,j is the 3rd component of weak isospin of fermion field ψj. The following

relations can also be found

gsinθW = g′cosθW = e,
Y

2
= Q− I3. (2.28)

The first equation connects the SU(2)L and U(1)Y coupling constants with the elec-

tromagnetic coupling constant, which realizes the unification of the electromagnetic
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interaction and the weak interaction. The second equation gives us the relation be-

tween hypercharge, electric charge and weak isospin.

To find the interaction Lagrangian between W±, Z and γ, one can replace the

W i
µ and Bµ with W±

µ , Zµ and Aµ in (2.21). The Lagrangian for triple gauge boson

couplings is

L3 = iecotθW{(∂µW−ν − ∂νW−µ)W+
µ Zν − (∂µW+ν − ∂νW+µ)W−

µ Zν

+W−
µ W

+
ν (∂µZν − ∂νZµ)}+ ie{(∂µW−ν − ∂νW−µ)W+

µ Aν

−(∂µW+ν − ∂νW+µ)W−
µ Aν +W−

µ W
+
ν (∂µAν − ∂νAµ)}. (2.29)

The Lagrangian for interactions among four gauge bosons is

L4 = − e2

2sin2θW
{(W+

µ W
−µ)2 −W+

µ W
+µW−

ν W
−ν}

−e2cot2θW{W+
µ W

−µZνZ
ν −W+

µ Z
µWνZ

ν}
−e2cotθW{2W+

µ W
−µZνA

ν −W+
µ Z

µW−
ν A

ν −W+
µ A

µW−
ν Z

ν}
−e2{W+

µ W
−µAνA

ν −W+
µ A

µW−
ν A

ν}. (2.30)

2.1.3 Higgs Mechanism

The theory discussed above corresponds to massless W and Z bosons contradicting

nature. In order to solve this problem, a SU(2)L doublet constructed by complex

scalar fields is introduced

φ =

(
φ+

φ0

)
. (2.31)

It has hypercharge Y = 1. φ has a SU(2)L × U(1)Y invariant Lagrangian

LHiggs = (Dµφ)†(Dµφ)− V (φ), V (φ) = µ2φ†φ+ λ(φ†φ)2, (2.32)

where µ2 < 0 and the potential V (φ) has non-zero minimum value

|〈0|φ0|0〉| =
√
−µ2

λ
≡ ν√

2
, (2.33)

Since all points with same φ†φ are gauge equivalent, we can choose to write the φ

field in the unitary gauge

φ(x) =

(
0

ν+H(x)√
2

)
. (2.34)
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H(x) is a real scalar field with zero vacuum expectation value. It is called the Higgs

field. Using (2.24) and (2.26), the kinematic term of LHiggs can be written as

(Dµφ)†Dµφ =
1

2
∂µH∂

µH + (ν +H)2(
g2

4
W+
µ W

−µ +
g2

8cos2θW
ZµZ

µ). (2.35)

In this equation, one sees from the quadratic terms of the W and Z that these particles

have obtained a mass. The masses of W± and Z can be expressed as

MW =
1

2
νg, MZ =

1

2cosθW
νg =

ν
√
g2 + g′2

2
. (2.36)

The quadratic term of the Higgs field shows up in the potential part, which is given

by

V (φ) = −1

4
λν4 +M2

H(
1

2
H2 +

1

2ν
H3 +

1

8ν2
H4), (2.37)

where MH is mass of the Higgs. Its expression is

MH =
√

2λν. (2.38)

Using (2.36) and (2.38), LHiggs can have the following expression

LHiggs =
1

2
∂µH∂

µH +
1

4
λν4 +M2

WW
+
µ W

−µ(1 +
2

ν
+
H2

ν2
)

+
1

2
M2

ZZµZ
µ(1 +

2

ν
+
H2

ν2
)− 1

2
M2

HH
2 − M2

H

2ν
H3 − M2

H

8ν2
H4. (2.39)

In the SM, the masses of fermions are produced through the introduction of a Yukawa

term between the Higgs field and fermions. The Lagrangian for the Yukawa coupling

is

LYukawa = −λu(ū, d̄)LφdR − λd(ū, d̄)Lφ
cuR − λe(ν̄e, ē)LφeR + h.c., (2.40)

where φc = iσ2φ. Here u, d and e represent quarks and leptons of three generations.

Using the unitary gauge, LYukawa can be simplified as

LYukawa = −ν +H√
2

(λdd̄LdR + λuūLuR + λeēLeR) + h.c.. (2.41)

For leptons, the mass of each is given by

me =
λeν√

2
. (2.42)
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The Standard Model provides no prediction about the strength of Yukawa cou-

pling. Thus the lepton masses must be determined experimentally. Unlike the lepton

mass, the expressions for the quark masses cannot be extracted directly from the La-

grangian, since coefficients νλd and νλu construct non-diagonal matrix. This means

the u and d quarks are in flavor eigenstates, not mass eigenstates. In order to obtain

the quark mass eigenstates, the coefficients of the quark quadratic terms must be

diagnolized.

2.1.4 SU(3)C Quantum Chromodynamics

The gauge theory of the Quantum Chromodynamics is SU(3)C . For a quark field

with color α and flavor f , qαf , its SU(3)C transformation is

qαf → (qαf )′ = Uα
β q

β
f , (2.43)

where U is the local transformation matrix and given by

U = exp{iλ
a

2
θa(x)}. (2.44)

The matrices lambda λa

2
(a = 1, 2, ..., 8) are the eight generators of SU(3)C in the

fundamental representation. The λα are named the Gell-Mann matrices. The λα is

traceless and satisfy the commutation relations

[
λa
2
,
λb
2

] = ifabc
λc
2
, (2.45)

where fabc is the structure constant. It is real and totally antisymmetric. As for the

electroweak theory, we introduce a gauge covariant derivative to ensure local gauge

invariance. There are now eight independent gauge parameters, so in the covariant

derivative there need to be eight unique gauge fields Gµ
a(x) (a = 1, 2, ..., 8). The gauge

covariant derivative is given by

Dµqf ≡ [∂µ + igs
λa

2
Ga
µ(x)]qf ≡ [∂µ + igsGµ(x)]qf . (2.46)

The transformations of the Gµ
a(x) need to be

Gµ → (Gµ)′ = UGµU
† +

i

gs
(∂µU)U †, (2.47)

such that Dµqf and qf transform in the same way.
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The gauge invariant kinetic term is added as in the electroweak theory using a

field strength tensor

Gµν(x) ≡ − i

gs
[Dµ, Dν ] = ∂µGν − ∂νGµ + igs[Gµ, Gν ] ≡

λa

2
Ga
µν(x),

Ga
µν(x) = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
µG

c
ν . (2.48)

It is different from the electromagnetic field tensor in that the third term contributes

to the gluon self interaction while photon field has no self interaction. Under a SU(3)C

gauge transformation,

Gµν → (Gµν)
′ = UGµνU

†, (2.49)

and one can show that Tr(GµνGµν) = 1
2
Ga,µνGa

µν is invariant. The final gauge invari-

ant Lagrangian for QCD is thus

LQCD = −1

4
Ga,µνGa

µν +
∑
f

q̄f (iγ
µDµ −mf )qf . (2.50)

A gluon mass term is forbidden since it would break the gauge symmetry. Ex-

panding LQCD shows the quark and gluon interactions

LQCD = −1

4
(∂µGa,ν − ∂νGa,µ)(∂µG

a
ν − ∂νGa

µ) +
∑
f

q̄αf (iγµ∂µ −mf )q
α
f

−gsGµ
a

∑
f

q̄αf γµ(
λa

2
)αβq

β
f

+
gs
2
fabc(∂µGa,ν − ∂νGa,µ)Gb

µG
c
ν −

g2
s

4
fabcfadeG

b,µGc,νGd
µG

e
ν . (2.51)

The first line in the above Lagrangian is the kinetic part of quark field and gluon field.

The second line describes the interaction between quark and gluon. The third line

are three-gluon and four-gluon self-interaction terms. The QCD coupling gs decreases

as the energy scale increases and vise versa. This is a property called asymptotic

freedom. At low energy scale, QCD interactions cannot be calculated perturbatively.

In this case, other approaches such as Lattice QCD are needed [52].

2.1.5 Parton Distribution Function

As mentioned in the previous section, due to color confinement, quarks cannot exist

in isolation. They will bind together and form a hadronic state. For example, the
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bound state of two up quarks and one down quark is the well-known proton and the

quantum numbers of the protons are given by those of the valence quarks.

In addition to valence quarks, hadrons are also composed of gluons and quark-

antiquark pairs. The gluons arise as they mediate the strong forces that bind quarks

together. The gluons can split into virtual quark-antiquark pairs. These virtual

quarks are called sea quarks. Sea quarks are extremely unstable and as a result they

will annihilate back into gluons. At any time, there are an enormous amount of

creations and annihilation of sea quarks happening inside a proton.

Valence quarks, sea quarks and gluons are called partons, and they all could take

part in the interaction when two protons collide with each other. According to the

QCD factorization theorem [53], the inclusive cross section of a proton-proton collision

can be written as

σ(pp→ A) =
∑
i,j

∫
fqi(xi, Q

2)fqj(xj, Q
2)σ̂(qiqj → A)dxidxj (2.52)

The functions fqi(xi, Q
2) are the parton distribution functions (PDFs). The quantity

fqi(xi, Q
2)dxi gives the probability that a proton qi comes from a proton and carries

a fraction xi of the proton’s momentum. Here Q is the energy scale of the hard

interaction and σ̂ is the cross section at parton level. This factorization is correct up

to a small correction: O(
ΛQCD
Q

), where ΛQCD is the scale at which non-perturbative

QCD effect takes over. Therefore, Q has to be large to ensure the correctness of the

factorization formalism.

Since the PDFs represent the long-distance physics, they can not be calculated in

QCD perturbation theory. There are generally two ways to obtain the PDFs, either

experimentally or using lattice gauge theory. The former is much more common. The

experimental determination begins by first parameterizing the PDFs at low energy

scale by using either assumptions on the analytical form or the neural-net technol-

ogy. Next a wide variety of experimental data, especially deep inelastic scattering

data, are used to fit the PDFs. Figure 2.1 shows the PDF distributions at two dif-

ferent Q2 values given by NNPDF group [54]. One observes that the valence quarks

carry the largest fraction of momentum and the gluons the least fraction. Several

groups prepare and continually update the PDFs such as CTEQ [55], MSTW [56]

and HERAPDF [57].
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Figure 2.1: The NNPDF3.1 NNLO PDFs as a function of x evaluated at two different
energy scales.

2.1.6 Shortcomings of the Standard Model

In the past few decades, although the Standard Model has achieved a great success

in precisely predicting a huge range of SM measurements, there are several reasons

why the SM is theoretically unsatisfactory. A few of the SM shortcomings are listed

here.

• Theoretical problems of the Standard Model

1) In the Standard Model, there are 19 free parameters: 12 mass parameters of

quarks, charged leptons, weak gauge bosons and the Higgs boson, three gauge

coupling constants, three mixing angles and a CP-violating phase of the CKM

matrix. The Standard Model itself cannot predict the values of these parame-

ters. Besides of this, it also cannot explain why there are three generations of

quarks and leptons, why the right-handed neutrinos don’t exist, and why the

mass differences among these fermions are so large.

2) The Standard Model is not able to unify the strong interaction with the

electroweak interactions. In order to achieve this goal, we need a theory at
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energy scale of about 1016 GeV, and the symmetry groups of this theory can

spontaneously break to the SM symmetry groups at low energy. This kind of

theory is called the Grand Unified Theory (GUT) [58, 59]. The Standard Model

also cannot describe the gravitational effects. It has been proven that massless

spin-2 particles are needed to generate the effect from general relativity [60].

But there is no spin-2 particle in the Standard Model.

3) The Standard Model can’t answer why the electroweak energy scale, which is

characterized by the vacuum expectation value of the Higgs field ν(' 246 GeV)

is far less than the Plank scale (∼ 1019 GeV). This is called the hierarchy

problem.

Because the Higgs is a spin-0 scalar, in calculating the mass correction as shown

in Figure 2.2 [61], a quadratic divergence from integral
∫
d4k(k2 −m2)−1 ∼ Λ2

will appear. This arises from three contributions: fermion loop (especially the

top loop − 3
8π2λ

2
tΛ

2), gauge loops ( 1
16π2 g

2Λ2) and a self-interaction ( 1
16π2λ

2Λ2).

For a Higgs mass of 125 GeV, Λ has to be around O(1 TeV), which is close to

the electroweak scale. Furthermore, if we want to unify gravity with the other

three interactions, Λ needs to be at the Plank scale.

Apparently, in this case, the one-loop mass correction is way larger than the

renormalized mass (mren = mbare−mcorrection). To obtain a Higgs mass at elec-

troweak scale, the model parameters have to be tuned very carefully, which is a

very unnatural operation. This is called the Fine-Tuning problem. Several the-

ories have been proposed to overcome this problem including Supersymmetry,

Large Extra Dimension [62], and the Composite Higgs model [63].

Figure 2.2: Correction on Higgs mass at one-loop level.

• Phenomena that can’t be explained by the Standard Model

1) In recent years, neutrino oscillations have been observed by many experiments

[64, 65, 66, 67, 68]. Neutrino oscillations represent a flavor-changing process

among neutrinos and reveal the fact that neutrinos must have non-zero mass.

The mass eigenstates are mixed with the flavor eigenstates described in the
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Standard Model. The origin of the neutrino mass cannot be explained by the

Higgs Mechanism.

2) The existence of dark matter is another phenomenon that can’t be explained

by the Standard Model. Dark matter does not involve in any electroweak or

strong interactions and its mass could be much larger than that of the SM

particles. There is much experimental evidence for dark matter [69]. The SM

has no answer as to the origin of dark matter.

3) The Standard Model cannot explain the matter–antimatter asymmetry prob-

lem. The measured antiproton-to-proton flux ratio in cosmic rays is approxi-

mately 10−4 [70] nowadays. A baryon abundance parameter, nB/nγ, is used

to estimate the baryon asymmetry of the universe, where nB is the number of

baryons and nγ represents the number of cosmic microwave background pho-

tons. It is measured with a value ∼ 10−10 [71, 72]. For this asymmetry to occur,

a much larger value of CP violation must be present. In the SM, the CP vio-

lation can be introduced by a complex phase in the CKM matrix. A non-zero

phase can give rise to different rates for a particle process and its correspond-

ing antiparticle process and thus lead to the matter asymmetry. However, the

measured CP violating phase [73, 74] is too small to account for that large

imbalance between protons and antiprotons.

4) Another question for the SM is why no CP violation occurs in the strong

interaction. This is called the strong CP problem. The QCD Lagrangian allows

the existence of a CP-violating term. However, the contribution from this term

is constrained experimentally to be negligible [75, 76].

2.2 Beyond the Standard Model Physics

2.2.1 Hidden Sector Model

Hidden sectors generally refer to particles that do not couple to SM particles via SM

gauge interactions. They do not carry any SM charge, therefore they are undetectable.

However, hidden sectors can be connected to the Standard Model via small effective

couplings called portals. In this analysis, the focus is on the Higgs portal where a

Higgs boson can decay to non-SM particles. According to the ATLAS and CMS

results on the branching ratio of the Higgs boson, there is still room for the Higgs

boson to decay into BSM particles. The upper limit of Higgs branching ratio into
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undetected particles is about 22% [77, 78], making this scenario attractive.

A simple model that interprets the coupling between the Higgs boson and long-

lived hidden sectors [79]. In this model, besides the standard model groups, another

U(1)hid group is introduced. The gauge sector of this extra U(1)hid group only couples

to the Standard Model through the kinetic mixing with the U(1)Y hypercharge gauge

boson. This model also assumes there exists a hidden scalar Φ with non-zero vacuum

expectation value and thus can break the U(1)hid symmetry. The Higgs Lagrangian

under this consideration is written as

LHiggs = |Dµφ|2 + |DµΦ|2 + µ2|φ|2 +m2
Φ|Φ|2 − λ|φ|4 − ρ|Φ|4 + η|φ|2|Φ|2, (2.53)

where φ is the SM Higgs doublet defined in (2.31) and Φ is a SU(2)L singlet. After

diagonalizing the mass matrix, two physical states exist after symmetry breaking,

the Higgs-like boson H and a hidden scalar S. From the last term η|φ|2|Φ|2 of the

Lagrangian, we can get a three-body interaction between the H and two S scalars.

This indicates a hidden sector pair production from the Higgs portal. The hidden

sector S can decay to a fermion-antifermion pair via Yukawa coupling. Since the

coupling between H and S is small, S could have a relatively long lifetime. At

the LHC, we can thus look for displaced jets created from the decay of these long-

lived hidden scalars. Figure 2.3 shows the Feynman diagram for the displaced jets

production.

Φ
s

s

p

p f

f̄

f̄

f

Figure 2.3: Feynman diagram for the Higgs decaying into a hidden scalar pair.

2.2.2 Baryogenesis

Several baryongenesis mechanisms are dedicated to explaining the matter asymmetry

in our universe [25, 26, 27]. As a benchmark model, we focus on the baryogenesis

that is triggered by the out-of-equilibrium decay of a weak-scale particle χ [80]. This
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model is interesting because χ is a meta-stable weakly interacting massive particle

(WIMP) that is accessible at the LHC energies and could have a macroscopic decay

length within the ATLAS detector.

In this model, in the early universe, χ is in thermal equilibrium with the SM

matter and anti-matter. As the universe cools, the SM particles eventually do not

have enough energy to create heavy χ particles. As the rate of expansion of the

universe increases, χ particles freeze-out and their annihilation ceases. After freeze-

out, the χ decays via baryon- or lepton-number-violating interactions. In the presence

of CP violation, this leads to baryon asymmetry.

In our benchmark model, we consider χ to be a SM gauge-singlet field. The pro-

duction mechanism satisfies the Z2 symmetry, which implies that they are produced

in pairs at the LHC. The lowest dimension operator coupling a singlet χ to the SM

is the Higgs portal. The simplest theoretical realization is the Yukawa coupling of a

scalar and a pair of χ, where the scalar mixes with the SM Higgs. For the production

via the Higgs portal, we can study two different regions. One is the on-shell region

where χ is produced from an on-shell Higgs (mχ < mH/2). In this region, we can

expect a copious cross section, which is proportional to the effective coupling between

the Higgs and χ pair. In this case, a strong constraint on the branching ratio of this

Higgs exotic decay can be set. The other region is the off-shell region (mχ > mH/2),

where the cross section falls rapidly with increasing mχ. The sensitivity of this kind

of signal is not expected to be high. Since the displaced vertex search has a fea-

ture of low background, it is still interesting to study this region with the full Run 2

luminosity at the LHC.

The decay of χ is mediated by Z2-breaking interactions. This decay can violate the

lepton or baryon number and generate baryogenesis. The lowest-dimensional operator

of such interaction is the coupling between a χ and three SM fermions. Figure 2.4

shows the Feynman diagram of this baryogenesis process via the Higgs portal.

The searching result for this model is not presented in the thesis. It will be added

in the combined one-vertex and two-vertex search.
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Figure 2.4: Feynman diagram for the baryogenesis process via the Higgs portal.
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CHAPTER 3

The Large Hadron Collider and ATLAS Detector

3.1 The Large Hadron Collider

3.1.1 Overview

The Large Hadron Collider (LHC), located at the France–Switzerland border near

Geneva, is now the largest proton-proton collider. It uses the 27 km tunnel from the

Large Electron-Positron (LEP) collider. The LHC is designed to provide collisions

with a maximum
√
s = 14 TeV and started its beam commissioning in 2008. In

November 2009, first collisions were achieved at
√
s = 900 GeV [81]. On March 2010,

collisions were achieved at
√
s = 7 TeV which was about 3.5 times higher than the

energy record at that time, and marked the beginning of the LHC physics program.

From April 2015, the LHC started to operate at
√
s = 13 TeV until the end of 2018

when the Long Shutdown 2 (LS2) took place. The period is called Run 2 and data

collected during that period are used in this analysis.

Figure 3.1 shows the LHC accelerator chain [82] that produces a proton beam with

6.5 TeV energy. The protons are extracted from a bottle of hydrogen gas by stripping

the electrons from the hydrogen atoms in an electric field. The protons then enter the

Linear accelerator 2 (Linac 2) which uses radiofrequency (RF) cavities to accelerate

the protons to the energy of 50 MeV. The proton beam is next injected to the Proton

Synchrotron Booster (PSB) and accelerated to 1.4 GeV. Afterwards, the beam enters

the Proton Synchrotron (PS), which further accelerates the beam to 25 GeV. Protons

are then sent to the Super Proton Synchrotron (SPS), where they reach an energy of

450 GeV. Finally, protons are injected into the two beam pipes of the LHC, where

one beam circulates clockwise and the other beam circulates counterclockwise. The

beams will reach their maximum energy of 6.5 TeV.

The LHC also collides lead ions for some period per year. The lead ions follow

a different accelerator chain which is Linac 3, the Low Energy Ion Ring (LEIR), the

PS and the SPS.

The LHC uses proton-proton (pp) collision rather than electron-positron or proton-

antiproton (pp̄) collisions for several reasons. First, the proton beam induces much
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Figure 3.1: The LHC accelerator chain.

less synchrotron radiation than the lepton beam used in the LEP. When charged

particles traverse perpendicular magnetic fields, they radiate photons and lose energy.

The energy loss is proportional to the fourth power of the relativistic factor (γ4).

Since the proton is much less boosted than electron at the same beam energy, the

synchrotron radiation losses of protons are much lower (∼ 8 × 10−14) than that of

electrons [83]. Second, the LHC does not use antiprotons like the Tevatron because of

the high luminosity requirement. Antiproton is very hard to produce. For example,

in the Tevatron, antiprotons are made from the collision between 120 GeV protons

and a Nickel target. Only 1-2 antiprotons along with many secondary particles are

created from 105 protons, which is quite inefficient. Furthermore, a pp̄ collision loses
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its advantage on cross section compared to pp collision when the energy is high, as

the sea quarks and antiquarks in the proton carry a higher momentum when energy

increases. However, unlike the LEP and the Tevatron accelerators, the LHC needs

two rings for the two proton beams. Each beam pipe has its own magnet channels

and vacuum systems. In order to minimize the cost, the LHC magnet has a “2-in-1”

design where the two beams have separate magnet coils with opposite field polarities

but share the same cryostat and powering infrastructure.

There are 1232 15-meter long, 35 ton super-conducting dipole magnets that pro-

vide bending for the proton beams. These superconducting systems operate in su-

perfluid helium at 1.9 K. According to the magnetic rigidity equation B[T]R[m] =

3.34 ·p[GeV/c] and considering about the 60% occupation of the circumference, these

dipole magnets have to produce a magnetic field of 8.3 T, in order to achieve the

maximum beam energy of 7 TeV.

During the operation of the LHC, it is unavoidable that some particles have a

slightly different momentum or position/angle offset to the design configuration. So,

besides dipole magnets, the LHC also uses pairs of quadrupole magnets to focus the

particles in a tight beam. The paired two quadrupoles are differed by a φ angle of

90◦ in order to squeeze the beam both vertically and horizontally.

In addition to dipole and quadrupole magnets, the LHC uses many high order

magnets (sextupole, decapole and octupole) in order to correct the corresponding

high order component of the dipole field and help with beam focusing. When the

beam enters the detector regions, a different magnet system called the “inner triplet”

magnets is used. This system makes use of three quadrupoles to squeeze the beam

more tightly so that the two beams coming from opposite directions can collide with

small transverse cross section. These inner triplets are located at each of the four

large LHC detectors, ATLAS (A Toroidal LHC ApparatuS), CMS (the Compact

Muon Solenoid), ALICE (A Large Ion Collider Experiment) and LHCb (study of

physics in B-meson decays at LHC).

The ATLAS and CMS experiments are designed as general purpose detectors to

make measurements of SM processes and to search for BSM physics. Both experi-

ments discovered the Higgs boson in 2012 [3, 4]. The ALICE experiment focus on

studying the properties of the quark-gluon plasma and understanding the mechanism

in QCD that confines quarks and gluons using heavy ion collisions. The LHCb ex-

periment is designed to study b-quark physics and measure the CP violation in the

b-hadron interactions.
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Besides these four main experiments, there are three smaller experiments:

TOTEM (TOTal Elastic and diffractive cross section Measurement), LHCf (Large

Hadron Collider forward) and MoEDAL (Monopole and Exotics Detector at the

LHC). The TOTEM Experiment measures the total pp cross section with the

luminosity-independent method and study elastic and diffractive scattering at the

LHC [84]. The LHCf experiment is designed to provide precise measurements of

inclusive production cross section of forward neutral pions using pp or p-Pb colli-

sions [85]. The MoEDAL is an experiment that dedicates to searching for magnetic

monopoles, dyons and electrically charged stable massive particles [86].

3.1.2 Beam Injection Scheme

Proton beams at the LHC are accelerated by a longitudinal oscillating voltage gen-

erated by RF cavities. In order to be accelerated at the correct timing, the RF

frequency has to be an integer multiple of the revolution frequency of the proton.

Under the current operation condition, the RF frequency is tuned to be 400 MHz. In

the RF field, the protons with slightly different momenta arriving earlier or later will

be accelerated or decelerated.

As a result, the beam will be grouped into packs of protons, which are called

“bunches”. The bunch structure in each beam is referred to as the filling or injection

scheme. Figure 3.2 shows the designed LHC bunch structure [87]. The maximum

allowed number of bunches in each beam is 3564. Considering the time needed to

switch on the magnets which divert the beam from the LHC into the dump (∼ 3µs)

and other smaller time needed in the SPS and LHC injection, not all bunches are filled

with protons and some of them are just empty, which are called empty bunches. The

combination of these empty bunches is referred to as the abort gap. The standard

design allows 2808 bunches per beam. Each bunch contains 1.15× 1011 protons. The

PS generates a batch of 72 bunches with 25 ns spacing. The SPS allows 4 batches

(288 bunches) of input from the PS which are then sequentially transferred to the

LHC main ring. The filling of each ring will take about 3 minutes.

The actual beam configurations used in the LHC Run 2 (2015-2018) are slightly

different than the design parameters. In order to protect the equipment, for example,

the transfer lines between the SPS and the LHC, from the potential damage caused

by the high energy beam, the maximum number of the bunches in the SPS injection

is reduced to nearly half of the design value. Different years had different limits, but

they were all less than the 144 bunches per injection from the SPS. This together
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Figure 3.2: The bunch structure of the LHC proton beam.

with the improved abort gap gave rise to the maximum of 2556 bunches per beam in

2017 and 2018. Figure 3.3 shows the actual configurations of the number of bunches

used in the Run 2 [88].

Figure 3.3: The number of bunches as a proton beam parameter used in the Run 2
at the LHC.

Since many protons are filled in a bunch, there could be multiple simultaneous

collisions producing secondary vertices besides the hard-scattering interaction at the

bunch crossing. These additional collisions are referred to as pileup. Pileup produces
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soft particles that deposit energy in the calorimeter cells that affects the measurement

and reconstruction of objects that rely on calorimeter information. The amount of

pileup, µ, can be calculated by the following formula [89]

µ =
Lσinelastic
ncfrev

(3.1)

where L is the instantaneous luminosity, σinelastic is pp inelastic cross section, nc is the

number of colliding bunch pairs in the LHC and frev = 11.245 kHz is the revolution

frequency [87]. The pileup calculated by this formula is called in-time pileup because

it is from the same bunch crossing. The collisions coming from other bunch crossings

are called out-of-time pileup.

3.1.3 LHC Luminosity

The instantaneous luminosity L is an important parameter in a collider experiment

that measures the number of hard collisions that can happen at a certain time. The

product of the instantaneous luminosity and event cross section σ gives rise to the

event rate:

dN

dt
= L · σ. (3.2)

The integrated luminosity,
∫
Ldt, gives a measure of the total number of collisions

that can happen within a certain period of time. Usually, to get the observed number

of events, we have to apply an acceptance factor to N due to the inefficiencies from

detector acceptance, triggering, object reconstruction, and event selection.

The instantaneous luminosity L is given by

L = f
n1n2

4πσxσy
, (3.3)

where n1 and n2 are the numbers of particles inside two proton beams, f is the

frequency at which the two beams collide, σx and σy are the beam transverse sizes.

This equation implies that L can be improved by reducing the beam size. In 2016,

the LHC adopted a new beam production scheme called Batch Compression Merging

and Splitting (BCMS) [90] that greatly reduced the beam size and hence increased

the peak luminosity by around 20%. The above expression assumes no crossing angle

between two beams and no beam offsets, otherwise corresponding correction factors

have to be included [91].
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During the 2015-2018 data taking period, the total delivered luminosity for the pp

collision by the LHC is 158 fb−1. And the ATLAS detector recorded 147 fb−1. The

data that is good for physics study have a luminosity of 139 fb−1 and they are used

in our analysis.

3.2 The ATLAS Detector

3.2.1 Overview

The ATLAS detector is shown in Figure 3.4 [92, 93]. The ATLAS detector has a

cylindrical structure. It is 44 meters in length and 25 meters in height. The total

weight is about 7000 tonnes.

The ATLAS uses a right-handed coordinate system that is defined as follows. The

z-axis runs longitudinally through the detector and follows the beam directions. The

x-y plane is perpendicular to the beam direction. The positive x-axis is defined as

pointing from the interaction point to the center of the LHC ring and the positive

y-axis is defined as pointing upwards. The azimuthal angle φ is defined on the x-y

plane and the polar angle θ is measured with respect to the beam axis. In many

cases, the pseudorapidity η = −ln tan(θ/2) is used to describe the direction of a

particle rather than the polar angle θ. The pseudorapidity is an approximation of the

rapidity y = 1
2
ln[(E + pz)/(E − pz)] when a particle is highly relativistic. The reason

rapidity is used is that rapidity difference between two particles is invariant under

Lorentz boost along the beam axis. Another frequently used variable is the angular

separation between two objects defined as ∆R =
√

∆η2 + ∆φ2.

The ATLAS detector has 4 main detecting system: the inner detector (ID), the

electromagnetic calorimeter (ECal), the hadronic calorimeter (HCal) and the muon

spectrometer (MS). The inner detector is the innermost system that surrounds the

beam pipe. It provides position and momentum information of charged particles.

It is also used in vertex finding and particle identification. The inner detector is

surrounded by the two calorimeter systems. The ECal and HCal measure the en-

ergy of electromagnetic showers and the energy of hadronic showers respectively with

good energy resolution. The muon spectrometer covers the outermost region of the

detector. It measures the trajectory and momentum of muons.

There is a dedicated superconducting magnet system in the ATLAS detector to

provide the magnetic field needed for the momentum measurement. It consists of

a central solenoid and a system of three large air-core toroids: one barrel toroid
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and two endcap toroids. The central solnoid provides a magnetic field of 2 T for

the inner detector. The barrel toroid and endcap toroids provides magnetic fields

of approximately 0.5 T and 1 T for the muon detectors in the central and endcap

regions, respectively.

Figure 3.4: Structure of the ATLAS detector.

3.2.2 The Inner Detector

The ATLAS inner detector covers the range |η| ≤ 2.5 and has a cylindrical layout

with a length of about 7 meters and a radius of 1.15 meters. The layout is shown

in Figure 3.5 [94]. The ID consists of three subdetectors: the pixel detector, the

Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The

first two subdetectors use the technology of silicon detectors. The silicon detector

is a semiconductor detector which will create an electrical signal when its depletion

zone is ionized by a charged passing particle. The silicon detectors can be made into

a form of pixels or a form of strips. The former form is used for the pixel detector

and latter form is used by the SCT. The pixels can provide 3-dimensional position

information while the tracker strips provide 2-dimensional position information.
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The TRT is based on the technology of the straw drift tube, which is basically

a proportional drift tube with a positively charged wire in the center. The wire

will collect the electrons from the gas ionization caused by the charged paritcles and

provides 2-dimensional position information.

Figure 3.5: Schematic view of the ATLAS inner detector.

The pixel detector makes up the innermost part of the ID covering the pseudora-

pidity range |η| ≤ 2.5. It has a barrel region and two identical endcap regions. The

barrel region consists of three barrel layers and each of the endcap region is composed

of three disk layers. There are a total amount of 1744 modules that consist of pixel

sensors, front-end chips and flexible printed circuits mounted on these layers. In each

module, there are 47232 pixels and 46080 readout channels, which in total gives rise

to about 80 million channels, with 67 million in the barrel and 13 million in the end-

caps. These channels cover an active area of 1.45 m2 in the barrel and 0.28 m2 in the

endcaps [95].

The pixel detector is designed to have good resolution for reconstructing primary

and secondary (for b-tagging) vertices for a peak luminosity of 1 × 1034 cm−1s−1.

For Run 2, in order to improve tracking robustness and precision, and prevent the
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reduction of the readout efficiency due to the increasing luminosity, a new tracking

layer called the insertable B-layer (IBL) [96] was added. It was placed between the

beam pipe and the innermost pixel layer. The IBL is designed for an integrated

luminosity of 550 fb−1 and a peak luminosity of 3×1034 cm−1s−1. It has 224 modules

and approximately 6 million pixels to ensure good performance on vertexing and

b-tagging.

The SCT surrounds the pixel detector covering radial distances from 299 mm to

560 mm. It is used for precise tracking, but has a low cost per unit area compared

to the pixel detector. In the barrel region, there are 4 concentric layers with a total

number of 2112 silicon-strip modules on them. The strip pitch is set to 80 µm in

order to achieve the required tracking precision. In the endcap regions, there are 9

disks with 988 modules on each side. The strips in the endcaps are placed radially

with constant azimuth. The mean pitch for the endcap strips is 80 µm. The spatial

resolution obtained with a module is 16 µm in the Rφ plane and 580 µm in z direction

[97].

The TRT is the outermost subdetector in the ID. It provides accurate position and

momentum measurements as well as discrimination between electrons and charged

pions, since electrons and charged pions have different transition radiations in the

TRT detector, which results in hits with different TRT straw pulse heights. The

barrel region contains 52544 straws oriented parallel to the beam pipe. The two

endcap regions each has 122880 straws radially aligned to the beam axis [98]. The

length of a straw is either 144 cm or 37 cm depending on whether it is in the barrel

or the endcaps. The detector geometry ensures that charged particles with pT > 0.5

GeV and |η| < 2 will traverse at least 36 straws except the barrel-endcap transition

region [93]. Each straw has a inner diameter of 4 mm and provides a resolution of

130 µm in the Rφ direction.

3.2.3 Calorimeters

The calorimeters shown in Figure 3.6 are mainly designed to mearsure the energy of

particles, but also contribute to the position measurement, the identification of jets

and the measurement of missing transverse energy. There are two main calorimeter

systems: the electromagnetic calorimeter (ECal) and the hadronic calorimeter (HCal).

The electromagnetic calorimeter is designed to measure the energy deposited from

particles that produce electromagnetic showers, mainly electrons and photons. In

order to absorb the shower completely, the total thickness of the ECal is designed
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to be > 24 radiation lengths (X0) in the barrel and > 26 radiation lengths in the

endcap.

The hadronic calorimeter is used to measure the energy of particles that produce

hadronic showers. The hadronic shower is characterized by the nuclear interaction

length (λ), which is defined as the mean distance before an inelastic interaction hap-

pens. The total thickness of the ECal and HCal is 9.7 λ at η = 0.

Figure 3.6: Schematic view of the ATLAS Calorimeters.

The ECal covers the region |η| < 1.475 in the barrel and 1.375 < |η| < 3.2

in the endcaps and has a accordion geometry. The barrel region consists of two

half-barrels separated by a small gap (6 mm) at z = 0. The endcap calorimeter at

each side consists of two coaxial wheels: an outer wheel covering the region 1.375 <

|η| < 2.5 and an inner wheel covering the region 2.5 < |η| < 3.2. The region |η| <
2.5 is designed for precision physics which contributes to particle identification and

provide a precise position measurement in η. The region |η| > 2.5 has a coarser

lateral granularity, but it is sufficient to satisfy the requirements of jet reconstruction

and missing transverse energy measurement. In the region |η| < 1.8, there is a

presampler that precedes the calorimeter to correct the energy losses in material

upstream of the ECal. The ECal is a sampling calorimeter using lead absorber plates

that are immersed in the liquid argon (LAr). There are accordion-shaped copper-

kapton electrodes positioned between lead absorbers to collect the electrons from LAr
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ionization. The signals are collected by an approximate number of 190000 channels

and are sampled every 25 ns [92].

The HCal uses three different techniques depending on the η. The tile calorimeter

occupies the region |η| < 1.7. It is a sampling calorimeter using ion as the absorber

and scintillating tiles as the active material. The tile calorimeter is segmented to

three layers in depth with thickness of about 1.5, 4.1 and 1.8 λ. The radial depth of

the tile calorimeter is approximately 7.4λ.

In the endcaps, the hadronic end-cap calorimeter (HEC) covers the region 1.5 <

|η| < 3.2. It is a LAr sampling calorimeter that uses copper as an absorber. This

calorimeter at each endcap side consists of two wheels, each of which is further divided

into two copper layers with different radius and thickness.

The forward calorimeter (FCal) provides coverage over 3.1 < |η| < 4.9. The FCal

consists of three layers, namely FCal1, FCal2 and FCal3. FCal1 is a copper-LAr

calorimeter designed for electromagnetic measurements with a depth of 28 X0. FCal2

and FCal3 use LAr and tungsten instead of copper and are designed for hadronic

measurements. These three layers have a combined depth of 10 λ. Besides materials,

each FCal consists of cylindrical electronodes arranged parallel to the beam pipe.

Each electronode consists a tube at ground and a rod at 250 V inside the tube. LAr

is filled in a small gap which is 0.27 mm, 0.38 mm and 0.50 mm for FCal1, 2 and 3

respectively between the tube and rod for a fast readout [99]. There are 3584 channels

total on both endcap sides [92].

3.2.4 Muon Spectrometer

The muon spectrometer (MS) is the outermost part of the ATLAS detector covering

the range |η| < 2.7. It is designed to measure the momentum of the charged particles

that exit the calorimeters and provide trigger information for |η| < 2.4. Figure 3.7

shows its cross section [93]. In the barrel, there are three stations of tracking chambers

that are used for track reconstruction. They are placed in three concentric cylindrical

shells at radii of approximately 5 m, 7.5 m, and 10 m and extend to |η| = 1. In the

endcaps, the tracking chambers cover the range 1 < |η| < 2.7 and are arranged in

three wheels that are perpendicular to the beam axis. These chambers are located at

distance |z| of about 7.4 m, 10.8 m, 14m and 21.5 m from the interaction point.

The Monitored Drift Tube (MDT) chambers are used for the precision measure-

ment in range |η| < 2.7. The MDT chambers are given different names depending on

their position. The naming scheme uses three letters (e.g. BIS), with the first letter
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referring to barrel or endcaps, the second letter referring to inner, middle and outer

station and the third letter referring to large or small sector. These chambers consists

of two multilayers, each with three or four layers of MDTs. These two multilayers are

separated by a distance of 6.5 mm or 317 mm depending on whether they are in BIS

chambers or BOS, BOL and BML chambers.

The MDT chambers provide an average position resolution of 35 µm. For the

forward region, 2.0 < |η| < 2.7, cathode strip chambers (CSCs) are used in the

innermost layer for tracking. It provides a resolution of 40 µm in the R direction and

about 5 mm in φ direction.

Besides the tracking chambers, there are three stations of resistive plate chambers

(RPCs) and thin gap chambers (TGCs), used for triggering in the barrel and endcaps,

respectively. The RPCs covers the region |η| < 1.05 and the TGCs cover the region

1.05 < |η| < 2.4. These chambers can reliably respond within the 25 ns bunch crossing

with a time resolution of 1.5 ns for the RPCs and 4 ns for the TGCs. There trigger

chambers are also capable of measuring the coordinate of the tracks. The MDTs,

CSCs, RPCs and TGCs are based on different techniques so that can meet needs for

different measurements or triggering.

Figure 3.7: Cross section of the ATLAS muon spectrometer.

• Monitored Drift Tubes

The MDT is an aluminum drift tube with a diameter of 29.970 mm. A tungsten-

rhenium wire with a diameter of 50 µm is centered to the tube at a potential
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of 3080 V. The tube is filled with gas mixture of 93% Ar and 7% CO2 at 3 bar

absolute pressure. The MDT system measures the drift time of electrons which

is then mapped to drift distances by using a time-to-distance transfer function.

Each drift tube has an average spatial resolution of about 80 µm [100].

• Cathode Strip Chambers

The CSCs are placed at the forward region to cope with a high rate of charged

particles from the interaction. The limit of counting rate for the MDTs is at

about 150 Hz/cm2, while the CSCs can function up to a rate of 1000 Hz/cm2.

The CSCs are multiwire proportional chambers with the wires oriented in the

radial direction. They are operated at 1900 V with a 80% Ar and 20% CO2

gas mixture. In the ATLAS, the CSC system consists of a disk with 8 large

chambers and a disk with 8 small chambers arranged in φ. Each chamber has

four CSC planes and as a result, there are 4 measurements in η and φ along

each track. Each of the plane provides a resolution of 60µm.

• Resistive Plate Chambers

There are three RPC stations in the MS barrel. Two of them (RPC1 and RPC2)

sandwich the middle MDT layer and the third one (RPC3) is located outside the

outer MDT layer. The lever arm between RPC1 and RPC3 permits a high-pT

trigger to select tracks with momentum between 9 GeV and 35 GeV. And the

inner two layers, RPC1 and RPC2 provide a low-pT trigger for 6-9 GeV tracks.

Each station consists of two detector layers that measure η and φ. The RPC

detector is made of two resistive plates that are made of phenolic-melaminic

plastic laminate. The two plates have a gap of 2 mm which is filled with

C2H2F4/Iso-C4H10/SF6 (94.7/5/0.3) gas mixture. The electric field between

the two plates is 4.9 kV/mm.

• Thin Gap Chambers

There are four TGC layers in the MS endcap. Three of them are near the

middle MDT station. TGC1 is placed in front of the EML wheel while TGC2

and TGC3 are placed behind the MDT wheel. The coincidence of these three

layers is used for triggering. There is a fourth TGC layer placed in front of the

innermost tracking layer. It is mounted with the MDTs and CSCs at a distance

of about 7 m from the interaction point and forms the Small Wheel. The TGC

itself is a multiwire proportional chamber with a 55% CO2 and 45% n-C5H12
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gas mixture. Its cathode strips and anode wires operating at 2900 V provide

measurements on η and φ. The wire-to-wire distance is designed to be 1.8 mm

in order to provide a good time resolution.

3.3 Long-lived Particle Search in ATLAS

In the ATLAS detector, there are a lot of searching strategies can be used for the long-

lived particle (LLP) search. Following is a list of analyses with different signatures in

the ATLAS expriment.

• Displaced vertex Depending on the decay positions and models, there are

several searches for displaced vertex including our analysis. This dissertation

documents the search for displaced vertices in the ATLAS muon spectrometer.

The Hidden sector model is used as the theoretical benchmark model. In this

scenario, a pair of LLPs can be produced via the Higgs portal and subsequently

decay hadronically.

A similar analysis considers the topology where one LLP decays in the ID and

the other decays in the MS [101]. The displaced tracks in the inner detector

can be reconstructed by large radius tracking (LRT) algorithm [102], which

make use of the detector hits left over from standard tracking procedure. These

hits are used to reconstruct tracks with loosened requirements on the trans-

verse and longitudinal track impact parameters (d0 and z0) in order to increase

reconstruction efficiency. The ID displaced vertex reconstruction takes both

standard tracks and large-radius tracks as inputs. For the MS displaced vertex

reconstruction, there is a dedicated standalone vertex finding technique which

will be explained in Chapter 7. The combined ID-MS analysis should have bet-

ter sensitivities to shorter lifetimes than the two displaced vertices in the muon

spectrometer analysis.

SUSY models include other LLP production and decay topologies. One such

LLP search seeks for a displaced vertex in the inner detector and a muon [103].

Assuming the weak RPV coupling in the MSSM superpotential term, a top

squark can be long-lived and will decay into a muon and a quark (t̃ → µ + q).

Another SUSY inspired search looks for displaced vertices in the inner detector

and missing transverse momentum using split SUSY benchmark model [104].

In this model, a long-lived gluino (g̃) can decay to 2 quarks and a neutralino
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(χ̃0
1) which is a lightest supersymmetric particle (LSP). This decay happens

via a massive virtual sqaurk mediator, thus the decay width of the gluino is

suppressed. The LLPs covered by these SUSY analyses usually have very high

mass. The current constrain is at O(1) TeV for lifetimes between O(10−2) ns

and O(10) ns.

• Displaced jets in the calorimeter In addition to LLP signatures as dis-

placed vertices in the ID or Muon Spectrometer, LLPs can also decay into

hadronic jets. A related search that looks for LLP decaying to hadronic jets

in the hadronic calorimeter (HCal) or at the outer edge of the electromagnetic

calorimeter (ECal) is presented in Ref. [105]. These displaced jets have distinct

features from the standard jets. Since they are displaced, they will not leave

any activity in the Inner Detector and will result in a high ratio of energy de-

posited in the HCal versus ECal. This ratio is called the CalRatio. Another

feature is that the displaced jet is narrower than the SM jet originating from

the interaction point because the particles in the displaced jet have less time to

become separated. Events are selected by the dedicated CalRatio trigger that

makes use of these features.

• Displaced leptons or lepton-jets LLP searches have also been carried out

using LLP decays into leptons [106] or lepton-jets [107]. One recent search

uses a signature of displaced dimuon pairs [106]. Such decays can arise in a

SUSY model that has a heavy long-lived neuralino state (O(100) GeV) and a

“Higgs portal” model that couples the Higgs with a pair of light dark photons

(O(10) GeV). Muons from high-mass states have large transverse momentum

and large impact parameter and the muons from low-mass states have lower

transverse momentum. A variety of triggers are employed in order to cover the

wide kinematic range possible.

Lepton-jets arise in the analysis that considers the FRVZ model [108, 109], where

a Higgs boson can decay to a pair of dark fermions [107]. A dark fermion can

decay to either one or two dark photons. Dark photons will decay to a fermion

pair. For this particular search, the mass of the dark photon is chosen to be

small (between twice muon mass and twice tau mass). As a result, the dark

photons are expected to be produced with large boosts, resulting in collimated

groups of muons (muonic dark photon jet) and light hadrons (hadronic dark

photon jet) in a jet-like structure. To select events with narrow jets in the HCal



54

and non-prompt collimated muons, the muon narrow-scan trigger and CalRatio

trigger are used. For this particular search, final states with both two dark

photons and four dark photons are used. Final states with combinations of

muonic and hadronic dark photon jets are also considered.

• Exotic LLP signatures In addition to the searches described above, even

more exotic LLP signatures have been sought including disappearing tracks

[110], tracks with anomolous ionization [111] and non-pointing photon [112].

A disappearing track refers to the case where a long-lived massive charged

particle decays to lighter neutral particle but with small mass splitting plus a

soft SM particle such as a pion. Since the neutral particle and the soft pion

can not be reconstructed by the detector, the track of the massive charged

particle disappears after the decay. Tracks with anomolous ionization can be

caused by heavy charged long-lived particles. These heavy charged particles

have low boost and when they travel through the detector, they will have a

distinguishable dE/dx ionization compared to SM particles with unit charge.

This analysis is described by [111]. Non-pointing photons refres to the photons

originating from a displaced decay and thus can not be traced back to the

primary vertex [112].

There are many other analyses out of the above list. In Figure 1.1, the most recent

LLP analyses and their 95% exclusion limit on the liftimes [29] can be found.
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CHAPTER 4

Data and Monte Carlo Samples

4.1 Data Samples

This thesis uses the pp collision data at
√
s = 13 TeV collected by ATLAS taken from

July 2015 to October 2018. During the data-taking period, the peak instantaneous

luminosity increased from 5 × 1033 cm−2 s−1 in 2015 to 1.9 × 1034cm−2s−1 in 2018.

The average number of collisions per bunch crossing, 〈µ〉, increased from ∼ 13 in 2015

to ∼ 36 in 2018 accordingly [113].

The data taking in ATLAS is separated into multiple runs, with each run standing

for a data set that is continuously recorded by ATLAS. Each run is further divided

into different LumiBlocks. A LumiBlock is a period of order 60 s during which instan-

taneous luminosity, detector and trigger configuration and data quality conditions are

considered constant. There are periods in which detectors are not in normal condi-

tion, resulting in LumiBlocks with a bad quality. This kind of LumiBlocks are not

used for physics analysis. The LumiBlocks with good data quality are provided by

ATLAS in a set of xml files which are called Good Run List (GRL). All data used in

this analysis were recorded during LumiBlocks with good detector quality.

Figure 4.1a shows the integrated luminosity versus time in ATLAS. The “Good for

Physics” integrated luminosity has the data quality criteria applied and is calculated

from the LumiBlocks that are included in the GRL. The efficiency resulted from data

quality selection is shown in Figure 4.1b. The data samples from 2015 plus 1016,

2017, and 2018 with the GRL applied have integrated luminosity of 36.2 fb−1, 44.3

fb−1 and 58.5 fb−1, respectively. Therefore the total integrated luminosity in Run 2 is

139 fb−1. The total uncertainty is 2.4 fb−1, which corresponds a relative uncertainty

of 1.7% [114]. The luminosity measurement is given by the LUCID-2 detector [115].

4.2 Monte Carlo Samples

4.2.1 Signal Samples

Monte Carlo (MC) simulation is a commonly used method in the high energy physics

to study the behavior of either signal or background processes as they might appear



56

Month in Year
Jan '15

Jul '15
Jan '16

Jul '16
Jan '17

Jul '17
Jan '18

Jul '18

-1
fb

T
ot

al
 In

te
gr

at
ed

 L
um

in
os

ity
 

0

20

40

60

80

100

120

140

160
ATLAS
Preliminary

LHC Delivered

ATLAS Recorded

Good for Physics

 = 13 TeVs

-1 fbDelivered: 156
-1 fbRecorded: 147

-1 fbPhysics: 139

2/19 calibration

(a)

]-1Integrated Luminosity [fb

0 10 20 30 40 50 60 70

D
at

a 
Q

ua
lit

y 
E

ffi
ci

en
cy

 [%
]

80

85

90

95

100

 = 13 TeVs  
 PreliminaryATLAS

2015

2016

2017

2018

(b)

Figure 4.1: Figure 4.1a shows integrated luminosity versus time delivered to ATLAS
(green), recorded by ATLAS (yellow) and certified to be good quality data (blue) for
pp collision at

√
s = 13 TeV in full Run 2. Figure 4.1b shows the data quality efficiency

versus total integrated luminosity collected by the ATLAS experiment between 2015
and 2018.

in the ATLAS data. In our analysis, to study the LLP process, a set of MC samples

that simulate the process of Higgs or Higgs-like boson decaying to displaced jets are

produced.

The masses for the Higgs boson and scalar particles and proper lifetime are sum-

marized in Table 4.1. The mass points are chosen to cover a wide range of phase

space. The lifetimes are chosen based on the 2015+2016 CalRatio and MS displaced

jets analysis. Figure 4.2 shows the signal efficiencies, which is the ratio of number of

signal events passing event selections and total number of events, from the 2015+2016

CalRatio and MS displaced jets analysis. The red dashed line corresponds to the

proper lifetime used for MC signal generation for this analysis, which increases the

signal efficiency in the MS analysis but doesn’t negatively affect the CalRatio analysis

a lot, since the signal samples are shared by both of these analyses.

This MS analysis is sensitive to a wide range of mean proper lifetimes, but produc-

ing MC samples with multiple different mean lifetimes is extremely time consuming.

A toy MC method is used to extrapolate the number of expected events to the range

of mean proper decay lengths between 0 and 300 m. For each mass point, a toy

sample with 2 million events is produced. For each LLP in the toy sample, a random

decay length is calculated based on an exponential distribution. The physical LLP

decay position in the detector is then determined by using the decay length and the



57

LLP 4-momenta from the toy sample. Then the overall probability of the event with

different lifetimes to satisfy the signal selection criteria is then calculated from the

efficiencies that satisfy each selection criterion. This procedure will be described in

detail in Chapter 8. To validate this toy MC method, some of the MC samples are

produced with two different lifetimes.

Model mH [GeV] ms [GeV] N events Lifetime cτ [m]

H → ss

125

5 150k 0.127
5 600k 0.411
15 500k 0.580
35 700k 1.310
35 500k 2.630
55 1000k 1.050
55 450k 5.320

60
5 600k 0.217
15 300k 0.661

200 50 200k 1.255
400 100 200k 1.608

600

50 300k 0.590
150 300k 1.840
150 150k 3.309
275 1000k 4.288

1000

50 300k 0.406
275 300k 2.399
275 150k 4.328
475 1000k 6.039

Table 4.1: Mass parameters and lifetimes for the simulated Hidden Sector samples.

Signal MC events for the Hidden Sector model are generated with the following

procedure. The signal processes at parton level are produced by the MadGraph

generator MadGraph5 aMC@NLO [116] of version 2.6.2. The signal model used for

Higgs boson to LLP pair process is HAHM variableMW v3 UFO. Pythia8 [117] is

used for modeling parton shower and hadronization. The A14 tune [118] is applied to

optimize the parameters in the hadronization and parton shower models. The parton

distribution function set used for signals is NNPDF31LO. All the events are processed

by a full simulation of the ATLAS detector by using GEANT4 toolkit [119].

In the Hidden Sector model, the couplings of the scalar to SM fermions are de-

termined by the Higgs Yukawa coupling. Therefore, each long-lived scalar decays
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Figure 4.2: Lifetime optimization based on both of the signal efficienies from CalRatio
and MS displaced jets analysis. Blue is the signal efficiency of the MS 2-vertex search
from the 2015+2016 analysis. Orange is the signal efficiency from the 2015+2016
CalRatio analysis. The efficiencies in the plot are derived based on the Hidden Sector
samples with a 125 GeV Higgs boson decaying to 15 GeV scalar pairs. Black dashed
line is the lifetime used in the 2015+2016 analysis. Red dashed line is the new lifetime
chosen for this full Run 2 analysis in order to increase the signal efficiency for the MS
two-vertex search.

mainly to the heaviest fermion pair that is kinetically accessible, bb, cc, and τ+τ−.

The branching ratios of these decays depend on the mass of the long-lived scalar (ms).

For ms & 25 GeV, their branching ratios are equal to 85%, 5%, and 8%, respectively.

For the sample with ms = 475 GeV, the long-lived scalar decays 100% to tt. Only

the dominant gluon-gluon fusion production mode is considered in the analysis.

The event output from detector simulation is saved in Raw Data Object (RDO)

format, which is used as the input for event reconstruction. Event reconstruction will

be described in Chapter 6. It is a software-based procedure using a data-processing

framework called Athena. Athena release version 21 is used to reconstruct the sim-

ulated or real data in the analysis. The output from reconstruction used in this

analysis is Analysis Object Data (xAOD), which is a format that contains sufficient

event information and is readable by ROOT [120]. Different caches are used for re-

construction according to the data-taking years: AtlasOffline 21.0.20 is used for 2015

and 2016, Athena 21.0.53 is used for 2017 and Athena 21.0.77 is used for 2018. The

xAOD samples have a very large size and thus are not convenient to use. According to

the needs of the physics analysis, they are further processed by the Athena Derivation

Framework, producing derived xAOD (DAOD) files, which are commonly referred to
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as derivations, with all the needed AOD objects but reduced size. The derivation

for MC simulation is produced by AthDerivation 21.2.56.0. For data derivations, a

different cache AthDerivation 21.2.108.0 is used as it contains the single jet trigger

needed for the scale factor study. The derivations are further used as input for the

root-tuples using the analysis framework developed by our analysis team.

The pileup of Run 2 data-taking period is modeled by overlaying simulated pp

events generated with Pythia 8.2 [121] using the NNPDF2.3LO set of parton

distribution functions and the A3 tune [122] over the original hard-scattering event.

To reproduce the distribution of average number of interactions per bunch crossing

〈µ〉 observed in the data, MC events are reweighted following the procedure described

in [123].

Since all the signal MC samples are produced at the leading order (LO), to check

whether the next-to-leading order (NLO) effect, such as initial state radiations jets,

will have any impact on the kinematics of LLPs, we did a preliminary study based

on the CKKW-L merging scheme [124] with Pythia8. In this scheme, jets are

regularized by a cut off tMS which is called merging scale. Soft and collinear jets below

the merging scale are modeled by parton shower while the hard and well-separated

jets above the scale are calculated by matrix elements. The merging scheme provides

a way to combine these two parts properly. For this study, a process of Higgs boson

decaying to two 25 GeV scalars was considered, and the value of tMS was set to 40

GeV. Events in which one and two ISR jets were considered, and their effect on the

pT and η distributions are shown in Figure 4.3. Negligible effects are observed from

the distributions. This supports of use of MC generation at LO.

Figures 4.4 and 4.5 show the distributions of the pT , boost β, pseudorapidity η, φ,

radial decay position R and longitudinal decay position z of the long-lived particles for

a selection of the generated SM Higgs and non-SM Higgs-like boson MC benchmark

samples.

4.2.2 Background Samples

QCD multi-jet MC simulations are used to help understand the background from jets

and to quantify signal MC mismodelling. Multi-jet events are generated in different

samples with different leading jet pT ranges, which are called slices. In each slice,

the leading jet pT has an approximately flat distribution. To recover the normal pT
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(a) (b)

Figure 4.3: The pT and η distributions of LLPs with mass of 25 GeV from Higgs
boson decays. Red and blue are the processes the processes with 1 and 2 ISR jets,
respectively, based on the CKKW-L merging scheme. Green is the LO process with
parton shower.

distribution, a weight w has to be applied to each event:

w = (mcevt weight) · εfilter · σ · L/Nevt, (4.1)

where σ is the cross section of each slice and εfilter is the filtering efficiency after

flattening out the pT spectrum. Table 4.2 lists the slices and its corresponding cross

section.

Slice Jet pT [GeV] σ [nb] Slice Jet pT [GeV] σ [nb]
JZ0W 0-20 7.8420× 107 JZ7W 1800-2500 1.6214× 10−2

JZ1W 20-60 7.8420× 107 JZ8W 2500-3200 6.2505× 10−4

JZ2W 20-60 2.4334× 106 JZ9W 3200-3900 1.9640× 10−5

JZ3W 160-400 2.6454× 104 JZ10W 3900-4600 1.1961× 10−6

JZ4W 400-800 2.5464× 102 JZ11W 4600-5300 4.2260× 10−8

JZ5W 800-1300 4.5536 JZ12W > 5300 1.0370× 10−9

JZ6W 1300-1800 2.5752× 10−1

Table 4.2: Multi-jet slices with their corresponding leading jet pT range and cross
sections.

The naming scheme of each jet slice is JZXW, with “X” being the slice number

and “W” meaning “weighted”. The multi-jet samples are generated by Pythia8

generator using NNPDF23LO PDF set with A14 tune.
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Figure 4.4: Truth-level distributions of the pT , β, η, φ, R and Lz of the LLPs ob-
tained from the generated MC samples of SM Higgs bosons decaying into long-lived
scalars with mass shown in the plots. The distributions in each plot have the same
normalization.
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Figure 4.5: Truth-level distributions of the pT , β, η, φ, R and Lz of the LLPs obtained
from the generated MC samples of a non-SM Higgs-like boson decaying into long-lived
scalars. The distributions in each plot have the same normalization.
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CHAPTER 5

The ATLAS Trigger System

5.1 Introduction

At the LHC, the proton-proton bunch crossing occurs every 25 ns (40 MHz). Due to

technological limitations, events can’t be processed and stored at such a high rate.

Thus, a trigger system is needed to decide which events can be used for physics and

therefore recorded. For the ATLAS experiment, a two-level trigger system is used.

The first level is a hardware-based trigger system called the Level-1 (L1) trigger. The

Level-1 trigger uses custom electronics to trigger on reduced-granularity information

from the calorimeters and muon detectors which could help identify isolated high

transverse-energy (ET) charged leptons, photons, jets as well as missing transverse

energy. In Run 2, the L1 trigger system is able to reduce the event rate from 40

MHz to 100 kHz. The decision time for the L1 is fixed at 2.5 µs. The event data

accepted by the L1 trigger are readout from the Front-End electronics and then sent

to Read-Out Drivers, which perform initial processing and formatting. The Read-Out

System takes the input from the Read-Out Drivers and buffers the data upon request

to the second level trigger system called the High-Level Trigger (HLT). The HLT is

a software-based trigger system that uses particle identification algorithms similar to

those used in offline analysis to make selections, taking full granularity information

as inputs. The HLT further reduces the event rate from 100 kHz to approximately 1

kHz. Figure 5.1 is the ATLAS Trigger and Data Acquisition (TDAQ) system in Run

2 [125].

5.2 Level-1 Trigger System

The L1 trigger in Run 2 uses several subsystems to make the decisions. The L1

calorimeter (L1Calo) trigger uses energy deposits in the calorimeters to select high-ET

objects as well as energy sums of interests. The L1 muon (L1Muon) trigger uses track

information provided by muon trigger chambers to identify muon candidates. The

L1 topological (L1Topo) trigger selects events by applying topological requirements

to several trigger objects received from the L1Calo or L1Muon systems. There are
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Figure 5.1: The ATLAS Trigger and Data Acquisition (TDAQ) system in Run 2.

other trigger subsystems like the L1 Zero Bias trigger which is used in our analysis

for background estimation. The outputs from these triggers are sent to the Central

Trigger Processor (CTP) to make the final trigger decision. In Run 2, the CTP can

produce a trigger decision of 100 kHz which is a great upgrade compared to the 70

kHz limit in Run 1.

The L1Calo trigger takes input from about 7200 trigger towers of reduced gran-

ularity that are formed from calorimeter cells in all the ATLAS electromagnetic and

hadronic calorimeters [126]. The trigger towers are mostly 0.1 × 0.1 in ∆η and ∆φ,

but larger in parts of the endcaps and in the forward calorimeters. The analog data

from the trigger towers are firstly sent to the PreProcessor for digitizing, filtering and

calibrating. The data then are sent in parallel to the two algorithmic processors: the

Cluster Processor (CP) and the Jet/Energy-sum Processor (JEP). The CP system

identifies photon, electron and τ -lepton candidates with high transverse-energy above

programmable thresholds. The JEP system is designed to identify jets and produce

global sums of total, missing and jet-sum ET by using somewhat coarser trigger tow-

ers of granularity of 0.2×0.2 in ∆η and ∆φ called “jet elements”. CP and JEP count

hit multiplicities of different types of trigger objects and bits that indicate which
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thresholds were exceeded are sent to the CTP. The CTP implements a trigger menu

based on logical combinations of the results from L1Calo system so as to meet needs

of different physics analyses. The algorithms used by CP and JEP can be found in

[127].

The L1Muon trigger uses hits from the RPCs (in the barrel) and the TGCs (in

the endcaps) to select muon candidates. The muon candidates are categorized into

two types: low-pT and high-pT. The low-pT item corresponds to a coincidence of hits

in two stations of trigger chambers, while the high-pT item has a coincidence of hits

in three stations. Usually the high-pT trigger has lower efficiency compared to the

low-pT trigger due to the requirement of the third station in the coincidence.

Because of the increased luminosity and pileup in Run 2, the trigger in the endcaps

is more complicated than in the barrel. In the endcaps, additional coincidences of hits

are added to reduce background. For example, the coincidence requirements between

the TGC stations of the middle layer (the Big Wheel) and TGC Forward/Endcap

Inner chambers were added to reduce the background from charged particles emerging

from the endcap toroid magnets and beam shielding. A coincidence between TGC

chambers and the tile hadronic calorimeter is added to reject fake muons [128]. The

pT of a muon is estimated by looking at the degree of deviation of the hit pattern

from that of a muon with infinite momentum. There are six pre-defined pT thresholds

that have labels like MU20 meaning pT > 20 GeV. MU10 and lower are so-called “low

pT” triggers. MU11 and higher are “high pT” triggers. These L1 muon triggers have

a geometric coverage of 99% in the endcaps and 80 % in the barrel. After a L1 muon

candidate is found, its threshold and detector location information are sent to the

CTP to make the trigger decision.

The L1Topo trigger was commissioned in 2016 for Run 2 analyses to help with

L1 triggering. Without change, the existing Run 1 L1 trigger system would have

seen increased thresholds and prescales applied to trigger items. This would result

in significant loss in triggering efficiency for W ’s, Z’s, and other physics objects of

interest. The L1Topo trigger uses the angular and energy information of each trigger

object provided by L1Calo and L1Muon in the event and computes topological angular

selections (on ∆η, ∆φ, ∆R, energy in object cone ...) and kinematic selections

(on invariant mass, transverse mass, event HT ...) providing a largely improved

background rejection [129]. With these selections, the L1Topo can trigger on events

with lower energy or even with exotic signatures. The L1Topo trigger is optimized

for high speed data transmission. The latency is about 200 ns.
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Besides these main trigger systems, there are several specialized L1 triggers. Rele-

vant to this analysis is the Zero Bias Trigger. The Zero Bias trigger fires one revolution

after a luminosity trigger. Events selected in this way do not require any parton-

parton hard scatter and as such are random. The event rate is heavily prescaled

but follows the instaneous luminosity. The Zero Bias trigger is useful for studies of

non-collision backgrounds.

5.3 High Level Trigger

The HLT is a software-based system that uses information sent upon receipt of an L1

accept. The HLT runs fast trigger algorithms first to provide early rejections and then

runs more precise and CPU-intensive algorithms to make final decision. In Run 2,

most of the trigger algorithms were re-optimized to minimize the difference between

the HLT and the offline analysis selections in order to reduce inefficiencies. In Run

1, there were separate Level-2 and Event Filter computer clusters. In Run 2, they

were combined into a single computing farm of approximately 40000 Processing Units

(PUs), which reduces the complexity and allows for dynamic resource sharing between

algorithms. The PUs can make a decision typically within 300 ms. In the HLT, there

are about 2500 independent trigger chains which are sequences of algorithms starting

from feature-extraction algorithms that run within L1 region of interests (RoIs), then

followed by higher precision reconstruction, and finally to a hypothesis algorithm that

makes a final trigger decision based on the reconstructed features. The HLT has a

processing time of about 200 ms. The output rate of the HLT in Run 2 was 1 kHz,

a factor of 2.5 higher than in Run 1.

5.4 Muon RoI Cluster Trigger

The Muon RoI Cluster Trigger (HLT j30 muvtx noiso) is a signature-driven trigger

used in this analysis that selects events with jet-like objects in the muon spectrometer.

The trigger is efficient for the LLPs decaying to hadronic jets from the outer region

of the HCal to the MS middle station. When they decay in the MS, the resulting

hadronic showers tend to be reconstructed by the L1 Muon trigger system as a trigger

cluster of muon RoIs centered on the LLP line-of-flight. In the barrel, a low-pT muon

RoI is generated by requiring a coincidence of hits in at least three of the four layers

of the two inner RPC stations. For a high-pT muon RoI, additional hits in at least

one of the two layers of the outer RPC station are required. In the endcaps, a low-pT
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muon RoI is generated by requiring a coincidence of hits in at least three of the four

layers of the two outer TGC stations, while a high-pT muon RoI requires additional

hits in two of the three layers of the innermost TGC station. A cluster of muon RoIs

is defined as at least three (four) muon RoIs lying within a ∆R = 0.4 radius in the MS

barrel (endcaps). The clustering algorithm runs over each of the L1 muon RoIs and

can be included in the algorithm more than once in order to maximize the number

of RoI clusters found. The algorithm terminates when the number of unused RoIs is

less than 3 or the algorithm has been performed three times. As long as one trigger

cluster is found, this event would be considered to pass the trigger.

This HLT Muon RoI Cluster Trigger is seeded by the L1 2MU10 trigger. This

means the muon RoIs used to create clusters has to have pT ≥ 10 GeV at L1. The pT

of a muon RoI is estimated by using the degree of deviation from the RPC/TGC hit

pattern expected for a muon with infinite momentum. L1 muon RoIs are formed in

a ∆η ×∆φ = 0.2× 0.2 region (∆η ×∆φ = 0.1× 0.1 region) in the barrel (endcaps),

and thus a cone with radius 0.4 is appropriate to select groups of RoIs.

When an LLP decays in the MS, it will leave no energy in the ID and calorimeters.

A trigger cluster produced in this scenario would be isolated with respect to either

calorimeter jets or ID tracks. However, the Muon RoI Cluster Trigger is “noiso”,

which means that it does not have any isolation requirements with respect to jets or

tracks. This means the Muon RoI Cluster Trigger will select both LLP signal and

background events. Further offline selection criteria must be applied to reduce the

background allowed by this trigger.

5.4.1 Trigger RoI Mismodelling

The previous iteration of this analysis [130] showed that the L1 muon RoI simulation

does not fully represent the efficiencies seen in data. Scale factors are applied to the

Monte Carlo to correct for differences found with respect to data. Muon scale factors

are generally calculated using a tag-and-probe method, using Z → µµ events [131].

In this instance though, there are multiple muon RoI’s clustered in a small cone.

This feature can arise from jet punchthrough in the calorimeter where the resulting

hadronic shower produced by a jet continues to the MS. This can occur because of the

large longitudinal fluctuations associated with hadronic shower formation. The only

SM process that contains a similar signature is high-pT multi-jet events in which one

of the jets punches through the calorimeters and continues to shower into the MS.

A jet is defined to be punch-through if it has at least 50 muon segments within
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a ∆R cone of 0.4 with respect to the jet axis. There is not a perfect or standard

way to define a punch-through jet. We choose the number of muon segments in the

jet cone to be 50, because signal events creating a vertex in the MS have on average

at least 50 segments in a ∆R cone of 0.4 with respect to the LLP decay axis. The

scale factors in this analysis are determined by performing a data–MC comparison

in events passing the HLT j400 and HLT j420 triggers and a minimal di-jet selection

(pT > 30 GeV, log10(EHAD/EEM) < 0.5, JVT > 0.59 if jet pT < 60 GeV). Leading and

sub-leading jets are selected for comparison, because they show excellent agreement

in all kinematic variables. A subset of leading and sub-leading jets with at least

50 muon segments is selected as a baseline sample of jets with muon spectrometer

activity. For this selection, the number of L1 muon RoIs within ∆R = 0.4 of the jet

axis is calculated as a function of the leading and subleading jet pT. Figure 5.2 shows

the normalised distributions for both data and MC. The ratio of integral of the data

and MC distributions with a cut at trigger level (at least 3 RoIs in the barrel and at

least 4 RoIs in the endcaps) is calculated. This provides a measure of how many more

muon RoIs are found in the cone of a hadronic shower, on average, in data compared

to MC.

The MC RoI mismodelling factor is 1.24 ± 0.01 in the barrel and 1.20 ± 0.01 in

the endcaps. The difference between barrel and endcaps is not unexpected, because

the two regions of the detector use different L1 trigger technologies: RPC’s in the

barrel and TGC’s in the endcap. This mismodelling factor is taken into account as

a systematic uncertainty on the signal trigger efficiency (24% for the barrel and 20%

for the endcaps).

5.4.2 Trigger Efficiencies

Trigger efficiencies are determined by calculating the fraction of truth LLP decays that

produce a muon RoI cluster. A muon RoI cluster is determined to have originated

from a given LLP if it is within ∆R = 0.4 of the truth decay axis. The position of

the muon RoI cluster is determined by calculating the Euclidean average of all muon

RoIs falling in the ∆R = 0.4 cone.

Only LLPs decaying in the fiducial barrel or endcap regions summarised in Ta-

ble 5.1 are considered. This choice is driven by offline reconstruction.

Figure 5.3 shows the truth-based Muon RoI Cluster trigger efficiencies for LLPs

decaying in the barrel and in the endcaps for SM- and non SM-like bosons decaying

into long-lived scalars. The dependence on detector geometry can be seen by looking
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Figure 5.2: Normalised distributions of number of L1 muon RoIs within ∆R = 0.4
of the jet axis as a function of the leading and subleading jet pT for barrel (a) and
endcaps (b). The black dots show 2015-2018 data. The blue dots are from the multi-
jet MC simulation. The solid lines are a few signal benchmark samples. The verticle
dashed line shows the cut applied at the trigger level.

Detector Fiducial Volume

MS barrel 3 m < Lxy < 8 m, |η| < 0.7

MS endcaps Lxy < 10 m, 5 m < |Lz| < 15 m, 1.3 < |η| < 2.5

Table 5.1: Fiducial volume definition for the MS barrel and endcap regions.

at the various detector boundaries depicted by dashed lines in the plots. In the barrel

the trigger efficiency is very high when the LLP decays close to the end of the hadronic

calorimeter (r ∼ 4 m) and it substantially decreases as the decay occurs closer to the

middle station of the muon spectrometer (r ∼ 7 m). For decays occurring close to

the middle station the charged hadrons and photons (and their EM showers) are not

spatially separated and are overlapping when they traverse the middle stations (the

same reasoning is applicable to decays in the endcap regions).

The dependence of the trigger efficiency on the transverse momentum of the long-

lived particle is shown in Figure 5.4.
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Figure 5.3: Truth-based Muon RoI Cluster trigger efficiency for (a-b) SM-like Higgs
benchmark samples, (c-e) non-SM Higgs benchmark samples. Plots on the left side
are for the barrel, while those on the right side are for the endcaps. Efficiencies are
computed for events where a single LLP decays in the MS, in order to not contaminate
the trigger decision with a second MS decay.
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Figure 5.4: Truth-based Muon RoI Cluster trigger efficiency as a function of the
LLP pT for (a-b) SM-like Higgs benchmark samples, (c-e) non-SM Higgs benchmark
samples. Plots on the left side are for the barrel, while those on the right side are for
the endcaps. Efficiencies are computed for events where a single LLP decays in the
MS, in order to not contaminate the trigger decision with a second MS decay.
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CHAPTER 6

Event Reconstruction

Proton-proton collisions create a variety of objects in the ATLAS detector, like tracks

and vertices in the ID and MS or clusters of cells of energy in the calorimeters. Event

reconstruction is a process that constructs these objects based on digitized infor-

mation from detector elements and then further identifies physics objects such as

electrons, muon, and jets that were produced in the collision. In our analysis, LLP

signal could leave isolated vertices in the muon spectrometer (MS). The event recon-

struction of vertices in the MS is described in this chapter. Events are reconstructed

using Athena release 21, which is a data processing framework, for both data and MC

simulations in the full Run 2 analysis.

6.1 Track and Vertex Reconstruction

The track reconstruction in the Inner Detector uses an inside-out reconstruction strat-

egy. The steps of reconstruction start by creating clusters in the pixel detectors and

the SCT using connected cells, and drift circles in the TRT. A set of artificial neu-

ral networks (NN) are used to identify and split merged clusters [132]. The track

finding technique uses a three-dimensional object called a space point which is trans-

formed from a combinatorial grouping of clusters. For pixel detectors, the clusters can

be directly transformed to space points since they already give a three-dimensional

measurement.

For SCT clusters, they can’t be transformed to three-dimensional space points di-

rectly since they can only give a precise measurement of directions that are orthogonal

to the strip’s direction. But since the SCT is built with a sandwich structure with two

back-to-back strips differed by a stereo angle, the clusters on these two strips can be

combined to construct the three-dimensional space points. These three-dimensional

space points are used as seeds for track finding. The seeds can be constructed with

space points in the pixel detectors only (PPP), the SCT only (SSS) or any combina-

tion (PPS or PSS). In Run 2, due to the addition of the IBL layer, seeds need to be

associated to one other space point in a different detector layer making a 3+1 space

points setup (referred to as PPP+1 etc.).
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Once the space point seeds are found, the track finding process begins. The track

finding algorithm uses the Kalman filter technique [133] that aims to find all track

candidates within the silicon detector. The initial track finding includes real, fake

(combinatorics), and duplicate tracks. Some candidates may share same detector hits

and thus result in duplicate tracks. Some candidates may be formed from random

combinations of hits, which are referred to as fake tracks. In order to eliminate fake

and duplicate tracks, an ambiguity solving procedure is employed. The procedure

uses a track scoring strategy that assigns a beneficial score to unique tracks with a

good fit quality. The procedure further assigns a penalty score to tracks with shared

measurements with other candidates and missing but expected measurements given

a track trajectory (referred to as holes). Tracks that fail a certain score cut will

be neglected for further processing. Successful tracks are extended to the TRT to

complete the measurement in the outermost part of the ID. The tracks reconstructed

in this inside-out procedure are required to have pT > 400 MeV.

The vertex reconstruction is based on tracks. The tracks to be considered in the

vertex construction have to satisfy a series of cuts [134]: pT > 400 MeV; |η| < 2.5;

number of silicon hits ≥ 9 if |η| ≤ 1.65 and ≥ 11 if |η| > 1.65; IBL hits + B-layer hits

≥ 1; a maximum of 1 shared pixel hit or 2 shared SCT hits; pixel holes = 0; SCT

holes ≤ 1. The vertex reconstruction strategy is outlined in the following steps [135]:

1. A seed position of the vertex fit is selected. The x and y coordinates are taken

from the beam spot. The z coordinate is calculated as the mode of longitudinal

position parameters (z0) of tracks using the Half-Sample Mode algorithm [136].

2. An iterative primary vertex finding procedure is applied using seed positions and

track parameters as inputs. The algorithm uses an iterative χ2 minimization to

find the optimal vertex position. Each input track is assigned a weight:

ω(χ̂2) =
1

1 + exp(
χ̂2−χ2

cutoff

2T
)
, (6.1)

where χ̂2 is the χ2 value calculated between the closest approach of the track

and the vertex position in three dimensions. χ2
cutoff is a constant and T controls

the smoothness of the weighting procedure. The vertex position is recalculated

using the weighted tracks and this process is iterated. The weight reflects how

the track is compatible to the vertex. Tracks with larger χ2 have lower weights

and thus have less impact on the vertex position finding.
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3. After last iteration, the tracks that are away from the vertex by more than

seven standard deviations will be returned to the pool of unused tracks and are

used as inputs for a new vertex finding iteration.

The above steps are repeated until no associated tracks are left or no more vertices

can be found by using the remaining tracks. All vertices with at least two tracks are

retained. Among them, the vertex with highest sum of squared transverse momenta of

the tracks is assumed as the primary vertex associated with the hard scatter process.

6.2 Jet Reconstruction

Jets refer to the showers of particles arising from the hadronization of quarks and

gluons. Jets are often seen as proxies for the underlying partons. Jets are recon-

structed using charged particle tracks from the Inner Detector and energy deposits

in the electromagnetic and hadronic calorimeters.

The first step of the jet reconstruction is to form topological clusters (topo-

clusters) using topologically connected cells in the calorimeters. The topo-cluster

formation begins by finding a calorimeter cell with a signal significance greater than

4 to serve as the seed. The signal significance is defined as the ratio of energy de-

posited in the cell to the noise. Both of the cell energy and noise are measured at the

electromagnetic (EM) scale, which is the baseline scale that correctly measures the

energy deposited in the calorimeter by particles from electromagnetic showers.

Each seed cell is called a proto-cluster. Its neighboring cells with signal significance

greater than 2 are added to the proto-cluster. If the neighboring cell is a seed, the

two proto-clusters are merged. This topo-cluster algorithm iterates until neighboring

cells no longer satisfy the > 2 signal significance.[137].

Then the resulting top-clusters are used as input to jet finding algorithms. The

algorithm used in our analysis is the anti−kt jet clustering algorithm with radius

parameter R = 0.4 [138]. The anti−kt algorithm first defines the distance dij between

topo-clusters i and j and the distance between topo-cluster i and the beam (B):

dij = min(k−2
ti , k

−2
tj )

∆2
ij

R2
, (6.2)

diB = k−2
ti , (6.3)

where ∆2
ij = (yi − yj)

2 + (φi − φj)
2 and kti, yi and φi are transverse momentum,

rapidity and azimuthal angle of topo-cluster i. The algorithm combines topo-cluster
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i and j, if dij is smaller than diB. Once diB becomes the smallest parameter, i is

defined as a jet and removed from the clustering list. The process continues until no

distances are smaller than diB.

Equation 6.2 shows that the dij between a hard particle and a soft particle is much

smaller than the dij between two soft particles. As a result, the soft particles tend

to group with hard particles before they cluster among themselves. If a hard particle

has no hard neighbors within a radius of 2R, it clusters all the soft particles within

a radius of R producing a conical jet. Jet reconstruction with this algorithm is not

greatly affected by soft or collinear particles. So, this algorithm is infrared safe. If

two hard particles are separated by R < ∆ij < 2R, two jets can still be reconstructed,

but at least one of the jets will be partly conical. If the separation ∆ij is less than

R, the two hard particles are merged into one single jet.

The jets reconstructed are initially at the EM scale. The hadronic jet energy can

be affected by many things including leakage, absorption in the Inner Detector, and

pileup. The process of assigning the best energy to a jet is called jet energy scale

(JES) calibration. The JES calibration consists of several stages as follows [139]:

• Origin correction The 4-momentum of jets are recalculated so that the origin

is the hard-scatter vertex rather than the center of the detector. The jet energy

is kept constant in the recalculation. This correction helps improve the jet η

resolution.

• Pileup correction The pileup correction consists of a jet area-based subtrac-

tion and a following residual subtraction. Each jet is assigned an area A using

ghost association method, where simulated particles with infinitesimal momen-

tum (“ghost” particles) are added uniformly in solid angle to the event before

jet reconstruction. The area A is defined to be proportional to the number of

ghost particles associated to the jet after clustering using the kt jet-finding al-

gorithm [140] due to its tendency to include uniform background into jets. The

pT density of each jet is given by pT/A. The event-by-event median pT density

ρ within |η| < 2.0 can therefore be obtained. The quantity ρA can be shown

to give the global pileup correction to the jet pT in |η| < 2.0 [141, 142]. For

the region |η| > 2.0, there are additional pT corrections that depend on number

of primary vertices NPV and µ. The correction, which is linear with regard to

NPV and µ, is also subtracted from the jet pt in this region.

• Jet energy scale and η calibration In hadronic showers, a large fraction of
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energy is not sampled. This invisible energy arises from binding energy, nuclear

recoil, and secondary particles that are absorbed or undetected. Transitions

between calorimeter subdetectors are also not ideal owing to edge effects and

differences in technology and granularity. The jet energy scale and η calibra-

tion corrects these problems using MC samples generated with Pythia. The

reconstructed jets after origin and pileup corrections are compared to the jets

built from simulated particles, which are called truth jets. Comparison of truth

jets with reconstructed jets are used to correct Ereco from Etruth and ηreco from

ηtruth [143].

• Global sequential calibration This calibration corrects the residual depen-

dencies on the longitudinal and transverse features of jets, as well as the effect

of jet punch-through after the above calibrations [139, 144]. MC simulation is

used to correct these effects.

• In situ calibration A final stage of calibration corrects the difference between

data and MC simulations. A series of pT balance methods using well-understood

reference objects are used. Z/γ+jets events provide correction factors for jets

with pT between 20 GeV and 1 TeV. The correction is then further extended to

2 TeV by using multi-jet events. The in situ calibration is only applied to data.

To ensure the reconstructed jets are real and associated with the hard-scatter ver-

tex, a set of jet cleaning criteria are applied. The jets reconstructed from background

sources are called “fake jets”. There are three main sources of background. The first

is beam induced background (BIB). Beam proton losses can occur upstream of the

interaction point. The cascades created from these proton collisions can give rise

to high energy muons that are able to reach the ATLAS detector, which could be

reconstructed as fake jets. The second background is cosmic rays. Cosmic ray muon

showers reaching the detector have a probability to be reconstructed as jets. The

third background source is electronic calorimeter noise. The jet cleaning variables

that are designed to remove these backgrounds are as follows:

• QLAr
cell is a variable that measures the calorimeter cell signal pulse quality. It is a

quadratic difference between the measured pulse shapes in the LAr calorimeter

cells and the expected signal pulse shapes from simulation of the electronics

response. The average jet quality 〈Q〉 is then defined as the averaged pulse

quality QLAr
cell of calorimeter cells in the jet. 〈Q〉 is normalized to 0 < 〈Q〉 < 1.
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• fLAr
Q , the fraction of the jet energy measured by the LAr calorimeter cells that

have a poor pulse shape quality defined as QLAr
cell > 4000.

• fHEC
Q , the fraction of the jet energy measured by the Hadronic Endcap Calorime-

ter (HEC) cells that have a poor pulse shape quality defined as QLAr
cell > 4000.

• Eneg, the sum of energy of all cells in the jet with negative energy that can be

caused by sporadical electronic noise fluctuations.

• fEM, the electromagnetic energy fraction, defined as the ratio of the energy

deposited in the electromagnetic calorimeter to the total energy of the jet.

• fHEC, the HEC energy fraction, defined as the ratio of the energy deposited in

the HEC calorimeter to the total energy of the jet.

• fmax, the maximum energy fraction in any single calorimeter layer.

• fch, the jet charged fraction, defined as the ratio of the scalar sum of the pT of

the tracks coming from the primary vertex matched to the jet divided by the

jet pT.

Figure 6.1 shows the distributions of 〈Q〉, fLAr
Q , fHEC

Q and fch for data samples

enriched in both good jets and fake jets. Figure 6.2 shows the distribution of Eneg,

fEM, fHEC and fmax in good jet enriched samples for both data and multi-jet MC and

a fake jet enriched data sample [145]. In this analysis, the fake jets are identified by

the BadLoose selection. The jets that satisfy at least one of the following BadLoose

criteria are considered bad and are not used as jet candidates:

• fHEC > 0.5 and |fHEC
Q | > 0.5 and 〈Q〉 > 0.8

• Eneg > 60 GeV

• fEM > 0.95 and fLAr
Q > 0.8 and 〈Q〉 > 0.8 and |η| < 2.8

• fmax > 0.99 and |η| < 2

• fEM < 0.05 and fch < 0.05 and |η| < 2

• fEM < 0.05 and |η| > 2
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(a) (b)

(c) (d)

Figure 6.1: Distributions of 〈Q〉, fLAr
Q , fHEC

Q and fch in both good jet enriched and
fake jet enriched data sample. Black data points represent good jet selection. Red
data points represent fake jet selection.

Besides these cleaning variables, a jet vertex tagger (JVT) is used in our analysis

to exclude the jets from pileup. The JVT is calculated based on the variable RpT and

corrJVF. The variable RpT is a ratio of the scalar pT sum of all tracks that are matched

to the jet and the hard-scatter primary vertex divided by the fully calibrated jet pT.

The value of RpT falls rapidly for jets associated with pileup. The variable corrJVF
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(a) (b)

(c) (d)

Figure 6.2: Distributions of Eneg, fEM, fHEC and fmax in good jet enriched samples for
both data and multi-jet MC and fake jet enriched data sample. Black data points rep-
resent good jet selection. Red data points represent fake jet selection. Blue histogram
is multi-jet MC with good jet selection.

measures the number of tracks associated with jets originating from primary vertex,

compared to the total number of tracks coming from all the interaction vertices. The

JVT is calculated using RpT and corrJVF as a 2-dimensional likelihood, based on a k-

nearest neighbor algorithm [146]. The JVT has values between 0 and 1. JVT = −0.1

is assigned to jets with no associated tracks. Generally speaking, a lower value of
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JVT is more likely to be a jet associated with pileup.

6.3 Missing Transverse Momentum Emiss
T Reconstruction

The vector sum of momentum in the transverse plane of all particles in an event

should be zero since the proton beam is in z direction. Experimentally this is not the

case with real event reconstruction. Weakly interacting stable particles like neutrinos

are invisible to the detectors, so as are weakly interacting long-lived particles that

decay outside of ATLAS. Particles that pass through non-measuring materials or

escape the detector acceptance can be poorly reconstructed or not at all. These cases

all contribute to a non-zero momentum sum in the transverse direction. The missing

transverse momentum Emiss
T is reconstructed based on the following equation [147]:

Emiss
T =

∥∥∥∥∥− ∑
electrons

peT −
∑

photons

pγT −
∑

τ−leptons

pτT −
∑

muons

pµT −
∑
jets

pjet
T −

∑
psoft

T

∥∥∥∥∥ .(6.4)

The first five terms are referred to as hard terms that are from fully calibrated

objects. The Emiss
T reconstruction has a commonly used sequence, starting with elec-

trons, then followed by photons, hadronically decaying τ−leptons and finally jets.

Since these objects could share the same calorimeter cells, an overlap removal proce-

dure is carried out, starting with photons. Muons are reconstructed using only tracks

in the ID and MS, but they have corrections on the energy lost in the calorimeter.

Muon-jet overlap removal is also applied. The specific selections on these objects can

be found in [147].

The last term in Equation 6.4 is referred to as the soft term. It is reconstructed

from the transverse momentum measured by the detector but not matched to any of

the hard reconstructed objects. It can be reconstructed by either calorimeter-based

or track-based algorithms. The latter is used in our analysis and the corresponding

soft term is called track soft term (TST). The Emiss
T that uses track soft term is called

TST Emiss
T . In the TST, the psoft

T is contributed by high-quality tracks originating

from the hard-scatter vertex, but not associated with electrons, τ , jets and muons

that contribute to the Emiss
T reconstruction. The Emiss

T reconstructed in this way is

not sensitive to pileup since tracks are accurately matched to the primary vertex.

However, it does not account for the contributions from soft neutral particles.
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6.4 MS Vertex Reconstruction

6.4.1 Standard Muon Segment Reconstruction

Muon segments are locally reconstructed three-dimensional segments within different

stations in the muon spectrometer. Muon segments are subsequently used as seeds

for track finding in the MS. A segment is reconstructed as a straight line based on

the hits in the MDT chamber. Muon segment candidates are initially formed from a

pair of MDT hits, one in each multilayer. The pair of hits are required to be close

enough so that they are associated with a real physical trajectory. The line formed

by the pair of hits is required to roughly point to the interaction vertex in order to

reduce background and random hit combinations. The drift circles from each of the

two MDT hits form four lines that are used as four segment seeds, only one of which

can serve as segment candidate.

The four seed lines are next extrapolated to the remaining tubes to find all as-

sociated hits. A hit is considered to be associated to the line when its drift circle is

within 1.5 mm of the line. Seed lines with at least three associated hits are fitted as

a straight line by minimizing

χ2 =
n∑
i=1

(Ri − ri)2

σ2
i

, (6.5)

where Ri is the distance between line and MDT central wire, and ri and σi are the

measured drift radius and its error. The minimization procedure is described in [148].

The segments with the best χ2 probability greater than 0.05 are kept. If a newly found

segment is close to any previously found segment, the segment with less hits or same

hits but larger χ2 will be removed.

In order to improve the segment quality, fake segments from random combination

of hits have to be removed. The corresponding criteria is given by the χ2 per degree of

freedom (χ2/ndf). If a segment is found to have a χ2/ndf greater than 10, the hit that

has the largest χ2 is removed from the segment and the χ2/ndf is recalculated. This

procedure is repeated until the χ2/ndf is less than 10 or the number of associated hits

is less than 3. For the latter case, the segment is removed from the list. The segments

remaining after this procedure are next matched to the hits in the trigger chambers

(RPCs in the barrel, TGCs in the endcaps). The number of matched trigger hits is

used as one of the quality handles. When segments have shared MDT hits, only the

segment with highest quality is kept.
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In this analysis, the number of muon segments is used as a measure of activity in

the MS. It is also used in the definition of punch-through jets.

The muon segment itself is not used for the MS vertex reconstruction because the

standard MS tracking algorithm is designed for a relatively clean environment. The

typical number of MDT hits left by a muon traversing the MS is about 20-25. However

the number of cuts created by charged particles associated with a displaced vertex

easily exceeds 100. With the large number of combinatorics, it is not possible for the

standard reconstruction algorithm to combine segments from multiple chambers into

a single track. Therefore a standalone MS vertex reconstruction method based on

tracklet-finding technique is used [149], which is described in the following sections.

6.4.2 Tracklet Reconstruction

MS tracklets are constructed using segments in two MDT multilayers. Each segment

is found separately in a multilayer and requires three or more associated MDT hits

and a minimum χ2 fit in the case of multiple segments. All the segments are required

to have a χ2 probability greater than 0.05.

To find the single multilayer segments that belong to the same charged particle,

segments in multilayer 1 (ML1) are matched to segments in multilayer 2 (ML2) using

parameters ∆α and ∆b. The parameter ∆α is the angle between the two segments.

For the tracks outside a magnetic field, the segments will match as a straight line.

For the tracks inside the magnetic field, it is just the bending angle and can be used

to measure the track momentum resulted from low-pT particles. The parameter ∆b

measures the distance between two segments. For two matched segments, the |∆b| is
required to be less than 3 mm. A small |∆b| means that the selected two segments

are tangent to the same drift circle and thus are consistent with being from the same

charged particle. The paired set of single-multilayer segments is called a tracklet.

Figure 6.3 shows an example of tracklet with its parameters.

The segments from each multilayer are refit into a single straight line segment

if |∆α| < 12 mrad. For chambers that are outside the magnetic field, the BIS and

BOS MDT chambers in the MS barrel and the chambers in the MS endcap, paired

segments are always combined and refitted by using at least 6 MDT hits with the

innermost and outermost hits used as seeds.

In the MS barrel, the momentum of a tracklet is calculated by a formula with

form p = k/|∆α|, which is derived from a |∆α| versus 1/p fit using a sample of pions

that traverse the chamber. The parameter k varies for different barrel chambers.
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Different barrel chambers can have different spacing between MDT multilayers and

thus have different allowed maximum bending angle. Due to the bending restriction,

the minimum tracklet momentum is determined to be about 0.8 GeV. The uncertainty

of momentum measurement is propagated from ∆α measurement, which can be shown

to be σp/p ≈ 0.06 · p/GeV in the BML chambers, σp/p ≈ 0.08 · p/GeV in the BMS

chambers and σp/p ≈ 0.13 · p/GeV in the BOL and BIL chambers.

Figure 6.3: An example of tracklet reconstructed in a MS barrel MDT chamber. The
parameter ∆α is the angle between the two segments, which is defined as ∆α =
α1−α2. The parameter ∆b is defined to be the minimum distance from one segment
at the middle plane of the MDT chamber to the other straight line segment.

6.4.3 MS Barrel Vertex Reconstruction

Most of the MDT chambers in the MS barrel are immersed in a magnetic field whereas

all the MDT chambers in the MS endcap are outside the magnetic field [149]. Trackets

formed in the barrel will bend whereas those in the endcap will not. Thus the MS

vertex reconstruction algorithms differ between barrel and endcap. The MS vertex

reconstruction in the barrel is described in the following steps. Figure 6.4 shows

schematically how the MS vertex reconstruction in the barrel is performed. [149].

1. The tracklets are grouped into clusters of tracklets using a cone algorithm.

The position of each tracklet is used as a seed. Tracklets within ∆η = 0.7 and

∆φ = π/3 of the tracklet cluster direction are added to the cluster. The position

of the cluster center is updated each time a new tracklet is added. After the
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iteration on the tracklets reaches its end, the position of the cluster is calculated

to be the average position of the tracklets in the cluster. This process continues

until there are less than three unused tracklets or no more clusters with more

than three tracklets can be found.

2. The line-of-flight of the decaying particle is calculated in θ and φ. The θ variable

is determined by the line connecting the interaction point and the centroid of all

tracklets in the cluster. The φ determination is more complicated due to the lack

of precision in the MDT φ measurement. The φ direction is initially calculated

as an approximate value by averaging the φ coordinates of the tracklets in the

cluster. This approximate φ and the η of the line-of-flight are then used to

constuct a cone with radius of ∆R = 0.6. Finally, the φ direction of the line-

of-flight is determined by averaging all the RPC-phi measurements within this

cone. The φ resolution (∼ 50 mrad) determined in this way is still much larger

than the resolution in θ (∼ 12 mrad).

3. Due to the lack of precision in φ measurement and the inhomogeneous magnetic

field, the vertex reconstruction in barrel is performed in a single r − z plane

where the line-of-flight lies. All the tracklets in the cluster are mapped onto

this r − z plane by a φ rotation.

4. A series of lines that are parallel to the z direction are constructed in the r− z
plane starting from r = 3.5 m. They are placed in a way such that the spacing

between two adjacent lines is uniform along the direction of the line-of-flight.

The spacing is set to be 25 cm. As a result, there are 15 lines at η = 0 and 22

lines at |η| = 1.

5. The tracklets are back-extrapolated in the r − z plane, using their momentum

and charge information and the full magnetic map, to the series of lines defined

in the previous step.

6. At each line, if there are more than three extrapolated crossing it, the weighted

average z position of these tracklets where they cross the line is calculated and

used as the position of a vertex candidate. A χ2 minimization procedure is

preformed. The vertex is assumed to be located at the average z position. The

χ2 probability associated to this assumption and the χ2 value for each tracklet

are calculated. If the χ2 probability is less than 0.05, then the tracklet with the

largest χ2 is removed. Then the vertex position and total χ2 are recalculated.
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This procedure iterates until the vertex has a χ2 probability greater then 0.05

or there are less than 3 tracklets remaining.

7. The reconstructed vertex is chosen to be the vertex with largest number of

tracklets. If there are two vertices with the same number of tracklets, the

vertex with minimum χ2 is the reconstructed vertex. The position of the vertex

is the radius and z position calculated on the line.

8. In the search for LLP, the reconstructed vertex has additional criteria based on

the number of MDT and RPC hits to ensure good quality. These are described

later in the event selection.

Figure 6.4: Schematic plot that shows the MS vertex reconstruction in the barrel.

6.4.4 MS Endcap Vertex Reconstruction

In the MS endcap region, a toroid magnet is placed between the inner (EIL) and

middle (EML) MDT stations. Charged particles passing through the toroid are of

course bent, however the tracklets created by the charged particles are straight lines

since the MDT’s themselves are not immersed in a magnetic field. For the MS vertex

reconstruction in the MS endcap region, the tracklets must be back-extrapolated into

the toroid. The measurements of tracklets are only made after the magnet. The MS

vertex reconstruction in this region is described below. Figure 6.5 shows a schematic

figure of the reconstruction process.
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1. Tracklets are grouped into tracklet clusters using the same algorithm that is

used in the barrel.

2. The line-of-flight is determined in the same way as that used in the barrel. The

only difference is that TGC-phi measurements are used instead of RPC-phi

measurements to calculate the φ direction. The resolution in the line of flight

in both θ and φ are comparable to that in the barrel.

3. The straight-line tracklets in the cluster give equations of form bi = −rtanθi+z

with two constraining parameters on the i-th tracklet in the cluster: bi which is

intercept and θi which is the angle of the tracklet. The position of the vertex is

then found using a least squares regression fit. The formula that give the vertex

position are [150]

rvertex =
(
∑

tanθi
σ2
i

)(
∑

bi
σ2
i
)− (

∑
tanθi
σ2
i

)(
∑

bitanθi
σ2
i

)

(
∑

1
σ2
i
)(
∑

tan2θi
σi

)− (
∑

tanθi
σ2
i

)2
, (6.6)

zvertex =
(
∑

tanθi
σ2
i

)(
∑

bi
σ2
i
)− (

∑
1
σ2
i
)(
∑

bitanθi
σ2
i

)

(
∑

1
σ2
i
)(
∑

tan2θi
σi

)− (
∑

tanθi
σ2
i

)2
. (6.7)

4. The distance of closest approach between the tracklet and the vertex is checked.

If the farthest distance is larger than 300 mm, the corresponding tracklet is

removed and the vertex position refitted. The iteration continues until the

farthest distance is less than 300 mm.

5. The MS endcap vertex is considered to be reconstructed if it has at least three

tracklets. If multiple vertices are found, only the vertex with largest number of

tracklets is kept. The position of the vertex is determined by rvertex, zvertex and

φ calculated in the previous steps. Figure 6.5 shows the vertex reconstruction

in the MS endcaps [149].

6. As for MS vertices found in the barrel, selection criteria using the number of

MDT and TGC hits are applied in the event selection to ensure the vertex is of

high quality.
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Figure 6.5: Schematic plot that shows the MS vertex reconstruction in the endcaps.
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CHAPTER 7

MS Vertex Identification

This thesis studies the LLP decays that produce hadronic showers in the muon spec-

trometer. The shower width and track multiplicities depend on the LLP signal mass

and boost. The vertex associated with the LLP decay can be reconstructed using the

method described in Section 6.4. Background processes can also give rise to vertices

in the MS that will be reconstructed as well. The goal of this chapter is to provide

the criteria that select the vertices from LLP decays and suppress the vertices from

background processes, and thus enhance the signal significance.

7.1 MS Vertices in the Overlap Region

For a decay that occurs in the overlap region between the MS barrel and endcaps,

its hits are split between barrel and endcap vertex reconstructions. This results in

two problems. First, fewer hits are used in each reconstruction and thus result in a

reduced vertex reconstruction efficiency in this region. Second, there is a chance that

two vertices are reconstructed from a single LLP decay, since both of the barrel and

endcap reconstruction algorithms are applied.

Figure 7.1a shows the fraction of duplicated vertices that are from a single LLP

decay as a function of η. It can be seen that most of the duplicated vertices are from

the barrel-endcap overlap region. Figure 7.1b shows the vertex reconstruction effi-

ciency with good vertex criteria, described in the next section, applied and duplicated

vertices removed. The reconstruction efficiency is relatively low in the region 0.8 -

1.3 and is thus removed from the analysis to reduce uncertainties.

From the background study in 2015+2016 analysis, the probability to have a

punch-through jet in the transition region between the barrel and endcap calorime-

ters (0.7 < |η| < 1.2) that does not satisfy the criteria used for jet isolation is much

higher than in other regions of the detector [130]. To reduce the risk of background

contamination from punch-through jets, the vertices reconstructed in the region be-

tween 0.7 < |η| < 1.2 are not considered. Considering both the overlap region in

the MS and transition region in the calorimeter, the detector fiducial region excludes

0.7 < |η| < 1.3.
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Figure 7.1: (a) Fraction of vertices coming from long-lived particles that match two
otherwise good MS vertices. The simulated MC samples shown are scalar decays (φ)
to lighter scalar pairs (s). (b) The efficiency to reconstruct a MS vertex as function
of η, for the sample that has a Higgs decaying to 55 GeV scalar pairs. Dashed lines
mark the excluded region.

7.2 Good Vertex Criteria

The vertices reconstructed in the MS can either originate from a displaced signal decay

or from background processes. To achieve good signal efficiency while suppressing

background processes, a set of good vertex criteria (GVC) based on detector hits and

track and jet isolation are used.

7.2.1 Number of Associated Hits

The number of hits recorded by the MDT, RPC and TGC chambers is used as a

criteria to distinguish the signal vertices from the background from noise bursts and

punch-through jets. The displaced hadronic decay in the MS is expected to create

more activity in the detectors than the punch-through jet in general. Therefore, a min-

imum number of hits is required for MDT chambers as well as RPC and TGC trigger

chambers. The minimum hit criteria applied are: NMDT > 300 and NRPC+TGC > 250.

These criteria are applied in the vertex reconstruction algorithm.

Besides punch-through jets, noise bursts can happen occasionally in a localized

area in the MS. Noise bursts will lead to a large number of hits in the MDT chambers,

the combination of which can lead to a large probability that a vertex is reconstructed.

In order to reject these vertices from noise, a maximum number of number of MDT
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hits is required. The number of MDT hits in the vertex cone is set to be NMDT < 3000.

The upper limit of 3000 MDT hits is selected such that most of the signal events

satisfy this selection. The minimum number of RPC/TGC hits also helps suppress

the background from noise, since the noise burst in the MDT chamber is not expected

to be coherent with the noise in the muon trigger chambers.

7.2.2 Vertex Isolation Criteria

Jets that punch through the calorimeter can create vertices in the muon spectrometer

that mimic the behavior of signal LLPs. These jets will leave a fraction of energy de-

posited in the calorimeters and tracks in the inner detector if the hadronized particles

are charged. However, a neutral LLP will deposit no energy in the detector, until it

decays in the MS, which means that the signal vertex should not be associated with

any calorimeter jets or tracks. Therefore, the angular distance between the MS vertex

and calorimeter jets and ID tracks can be used to reject the background events from

punch-through jets. A set of isolation criteria are developed in this analysis based on

this property. The vertices considered for establishing the isolation criteria have to

satisfy the η and number of hits requirements described in the previous sections.

The first criteria isolate vertices from calorimeter jets. Only jets with

log10(EHAD/EEM) < 0.5 are considered for isolation. This is so that the true vertices

from displaced decays that occur near the end of the calorimeters are not rejected.

Additionally, a set of jet criteria (jet pT > 30 GeV and JVT > 0.59 if jet pT < 60

GeV) are applied to select the jets used for vertex-jet isolation. These selections are

used to prevent true vertices from being discarded by the isolation with jets from

pileup or underlying events.

Vertex isolation criteria are applied using using jets and ID tracks. The isolation

criteria are defined using a ∆R cone around the vertex. The isolation criteria using

jets are given in Table 7.1. The criteria are determined by comparing reconstructed

vertices in signal MC and multi-jet MC samples. Figures 7.2a and 7.3a show how the

signal and background acceptances change with varying isolation cone size in both

the barrel and the endcaps.

The isolation criteria using tracks further suppresses the number vertices formed

by punch-through jets. Jets may be poorly reconstructed due to calorimeter cracks

but will still leave a signature in ID. The tracks considered for vertex isolation are

chosen to have transverse momentum pT > 5 GeV. The isolation cone size is set to

be 0.3 for barrel and 0.6 for endcaps. The isolation criteria are given in Table 7.1.
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Figure 7.2: Signal and background acceptance for vertices that pass jet or track
isolation criteria in the barrel. The dashed line is actual isolation cut used in the
analysis. Muti-jet slices JZ4W-JZ12W are used in the plots.
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Figure 7.3: Signal and background acceptance for vertices that pass jet or track
isolation criteria in the endcaps. The dashed line is actual isolation cut used in the
analysis. Muti-jet slices JZ4W-JZ12W are used in the plots.
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Requirement Barrel Endcap

MDT hits 300 ≤ NMDT < 3000 300 ≤ NMDT < 3000
RPC/TGC hits NRPC ≥ 250 NTGC ≥ 250
> 5 GeV track isolation ∆R > 0.3 ∆R > 0.6
Track |Σ ~pT| in 0.2 cone < 10 GeV < 10 GeV
> 30 GeV jet isolation ∆R > 0.3 ∆R > 0.6

Table 7.1: Summary of criteria for good MS vertices in the barrel and endcap regions.

Figure 7.2c and 7.3c show how signal and background acceptance vary with the ∆R

used for track isolation.

A second isolation criteria is used to remove the cases where there is no high-

momentum track, but the sum of track momentum in a small cone around the vertex

is very high. The vector sum of momentum of all tracks within a ∆R = 0.2 cone is

calculated. If the size of the pT sum is greater than 10 GeV, the vertex is rejected.

The good vertex criteria are summarized in Table 7.1. Figure 7.4 shows the vertex

reconstruction efficiencies in the barrel and endcaps before and after application of

the GVC, for the highest and lowest scalar produced by a 125 GeV Higgs-like boson.
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Figure 7.4: The MS vertex reconstruction efficiency in the barrel (a) and endcaps (b),
with and without the good vertex criteria applied, for the highest and lowest scalar
produced by a 125 GeV Higgs boson.
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7.3 Vertex Reconstruction Efficiency

The vertex reconstruction efficiency is defined as the fraction of LLPs that leave a

vertex that satisfies the good vertex criteria in the MS fiducial region. In the barrel,

the vertex reconstruction is calculated as a function of the radial position Lxy and

in the endcaps, it is calculated as a function of the longitudinal position Lz. Their

distributions are shown in Figure 7.5. The dashed lines represent various detector

boundaries.

For the scalar mass of 5 GeV the barrel MS vertex reconstruction efficiency is about

20% near the calorimeter face (r ∼ 4 m) and it substantially decreases as the decay

occurs closer to the middle station (r ∼ 7 m). For decays occurring close to the middle

station the vertex reconstruction efficiency decreases because the charged hadrons and

photons (and their corresponding EM showers) are not spatially separated and are

overlapping when they traverse the middle station. This reduces the efficiencies for

track reconstruction and, consequently, vertex reconstruction. The efficiency slightly

increases for scalar masses of 15 and 35 GeV, but then drops for a scalar mass of 55

GeV. This is due to the smaller boost received by the higher mass scalar that leads

to a spatially wider decay and correspondingly lower efficiency.

The efficiency for reconstructing vertices in the MS endcaps reaches 70%. Because

there is no magnetic field in the region in which endcap tracklets are reconstructed, the

vertex reconstruction algorithm does not have the same constraints that are present

in the barrel. Consequently, the endcap vertex reconstruction is more efficient for

signal events, but also less robust in rejecting background.
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Figure 7.5: Truth-based MS vertex reconstruction efficiency for (a-b) SM-like Higgs
benchmark samples, (c-f) non-SM Higgs benchmark samples. Plots on the left side
are for the barrel, while those on the right side are for the endcaps.
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7.4 Vertex Residuals

The vertex reconstruction algorithms in the MS barrel and endcaps are tuned to

maximize the vertex-finding efficiency at the expense of vertex-position resolution

[149]. As a result, the position of a vertex does not necessarily represent the actual

decay position of the corresponding LLP accurately. To study the accuracy of the

vertex position, the vertex position residuals, which are defined as the difference

between the truth LLP decay position and the reconstructed vertex position, are

calculated for several distance and angular variables. Figures 7.6, 7.7, 7.8, 7.9 show

the distribution of vertex residuals in η, φ, R, and z for various Higgs and scalar

boson samples.

The residuals behavior in the barrel and endcaps are different due the different

strategies used for the reconstruction. In the endcaps, there is a large shift away

from zero observed in R and z distributions. This is because, for an LLP that decays

inside the endcap toroid, its line-of-flight is preserved while the trajectories of its

decay products are bent by the magnetic field. The tracklets are reconstructed after

the magnetic region. When they are back-extrapolated back into the magnetic field

as straight lines, the vertex position will be shifted to larger values of |zreco| and rreco

with respect to the true position. This shift decreases when the decay occurs near

the outer edge of the toroid where the charged decay products are bent less and the

straight line approximation is more valid.

To quantitatively describe the accuracy of the vertex position, the resolution of

each variable for each signal sample is calculated in the barrel and endcap region

respectively and listed in Tables 7.2, 7.3, 7.4, 7.5. The vertex resolution is defined

as the RMS of the normalized residual distribution, where the normalized residual is

the residual divided by the truth decay position for each of the variables η, φ, R, and

z.

Sample η φ R [m] z [m]

mH = 125 GeV, mS = 5 GeV 0.058 0.084 0.25 0.34
mH = 125 GeV, mS = 15 GeV 0.072 0.081 0.20 0.34
mH = 125 GeV, mS = 35 GeV 0.094 0.096 0.19 0.46
mH = 125 GeV, mS = 55 GeV 0.11 0.12 0.22 0.68

Table 7.2: Summary of resolutions for MS vertices in the barrel region for various
Higgs samples.
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Sample η φ R [m] z [m]

mH = 125 GeV, mS = 5 GeV 0.033 0.072 0.28 0.25
mH = 125 GeV, mS = 15 GeV 0.037 0.076 0.27 0.24
mH = 125 GeV, mS = 35 GeV 0.050 0.10 0.31 0.24
mH = 125 GeV, mS = 55 GeV 0.072 0.14 0.41 0.24

Table 7.3: Summary of resolutions for MS vertices in the endcap region for various
Higgs samples.

Sample η φ R [m] z [m]

mH = 60 GeV, mS = 15 GeV 0.071 0.081 0.18 0.30
mH = 200 GeV, mS = 50 GeV 0.10 0.099 0.23 0.57
mH = 400 GeV, mS = 100 GeV 0.12 0.10 0.25 0.70
mH = 600 GeV, mS = 150 GeV 0.13 0.11 0.28 0.80
mH = 1000 GeV, mS = 275 GeV 0.14 0.12 0.32 1.03

Table 7.4: Summary of resolutions for MS vertices in the barrel region for various
scalar samples.

Sample η φ R [m] z [m]

mH = 60 GeV, mS = 15 GeV 0.043 0.083 0.30 0.23
mH = 200 GeV, mS = 50 GeV 0.055 0.10 0.33 0.26
mH = 400 GeV, mS = 100 GeV 0.066 0.11 0.37 0.29
mH = 600 GeV, mS = 150 GeV 0.073 0.12 0.39 0.30
mH = 1000 GeV, mS = 275 GeV 0.093 0.13 0.45 0.33

Table 7.5: Summary of resolutions for MS vertices in the endcap region for various
scalar samples.
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Figure 7.6: Residuals in (a) η, (b) φ, (c) R, and (d) z coordinates for decays in the
MS barrel for various Higgs samples.
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Figure 7.7: Residuals in (a) η, (b) φ, (c) R, and (d) z coordinates for decays in the
MS endcap for various Higgs samples.



100

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4 0.5

truth
η-

reco
η

0

0.05

0.1

0.15

0.2

0.25

A
rb

itr
ar

y 
un

its

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

 Simulation InternalATLAS

(a)

0.6− 0.4− 0.2− 0 0.2 0.4 0.6

truth
φ-

reco
φ

0

0.02

0.04

0.06

0.08

0.1

0.12

A
rb

itr
ar

y 
un

its

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

 Simulation InternalATLAS

(b)

8− 6− 4− 2− 0 2 4 6 8

 [m]truth-RrecoR

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

A
rb

itr
ar

y 
un

its

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

 Simulation InternalATLAS

(c)

10− 8− 6− 4− 2− 0 2 4 6 8 10

 [m]truth-zrecoz

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

A
rb

itr
ar

y 
un

its

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

mH60, mS15

mH200, mS50

mH400, mS100

mH600, mS150
mH1000, mS275

 Simulation InternalATLAS

(d)

Figure 7.8: Residuals in (a) η, (b) φ, (c) R, and (d) z coordinates for decays in the
MS barrel for various scalar samples.
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Figure 7.9: Residuals in (a) η, (b) φ, (c) R, and (d) z coordinates for decays in the
MS endcap for various scalar samples.
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7.5 Scale Factors in the Vertex Reconstruction

Possible mismodelling in the MC simulation could lead to a vertex reconstruction ef-

ficiency that is different than the one in the real detector. The effects of mismodelling

can be quantified by comparing the average number of tracklets in a cone surrounding

a punch-through jet in data and QCD multi-jet MC. Events in this study are required

to pass the HLT j400 and HLT j420 triggers. Also, only the leading and subleading

jets in pT for each event are considered. The jet selection criteria are: pT > 30 GeV,

log10(EHAD/EEM) < 0.5, JVT > 0.59 if jet pT < 60 GeV. Punch-through jets are

defined by the requirement of having more than 50 associated muon segments within

a ∆R cone of 0.4.

Figure 7.10 shows the tracklet distribution in a ∆R = 0.4 cone around the punch-

through jet in the MS barrel and endcap. At least three tracklets are required in the

barrel and at least 4 tracklets are required in the endcaps. The difference between

data and MC is used as a scale factor, which is calculated as the ratio of integral of

the multi-jet MC and data normalized distributions above the cut on the number of

tracklets. The scale factor on the number of tracklets in the jet cone is 0.80± 0.01 in

the barrel and 0.75±0.01 in the endcaps. This indicates that the number of tracklets

created by the hadronic shower is about 20% larger in the MC compared to the data

in the barrel, and 25% larger in the endcaps.
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Figure 7.10: Tracklets distribution within ∆R = 0.4 of the punch-through jet axis
for barrel 7.10a and endcaps 7.10b. The black dots show 2015-2018 data while the
blue dots are the multi-jet MC simulations. The vertical lines show the cut applied
at vertex reconstruction level. The solid lines are some signal benchmark samples.
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To better model real detector vertex reconstruction in MC, vertices in the MC

are reconstructed by removing a fraction of the tracklets according to the tracklet

scale factors in the barrel and endcaps. That is to say, 20% of tracklets are removed

randomly for barrel and 25% of tracklets are removed for endcaps before applying re-

construction algorithms. The vertex reconstruction efficiency using a reduced number

of tracklets are compared with the original efficiency. The MC efficiencies are shown

in Figure 7.11 for the 35 GeV scalar sample. The number of reconstructed vertices

in the nominal and reduced number of tracklet samples are given in Tables 7.6, 7.7,

7.8 and 7.9. The ratio is used as a scale factor for the vertex reconstruction in MC.

For simplicity, the final scale factor is taken to be the average over all benchmark

samples. The averaged scale factor in the barrel is 0.73 and the averaged scale factor

in the endcaps is 0.91.

Another way to correct the tracklet mismodelling is to reweight the MC tracklet

distribution bin-by-bin to match the data distribution. The weight applied to the

tracklet is then applied to each vertex according to the number of the associated

tracklets. The scale factor can then be calculated by comparing the vertex recon-

struction efficiencies derived from weighted vertices and unweighted vertices. The

difference between the two methods are taken to be a systematic uncertainty on the

scale factor, which is 11% in the barrel and 13% in the endcaps.
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Figure 7.11: Vertex reconstruction efficiency after the tracklet scale factor is applied
compared with efficiency after nominal reconstruction for 35 GeV scalar samples
mediated by the SM Higgs. Left is in barrel and right is in endcaps.
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Sample
mH = 125 GeV

nVertices
reconstructed with

nominal reco

nVertices reconstructed
after SF is applied

during reco

vertex SF

mS = 5 GeV 266 193 0.726
mS = 15 GeV 2723 2047 0.752
mS = 35 GeV 2414 1765 0.731
mS = 55 GeV 720 531 0.738

Table 7.6: Summary of effect of vertex scale factor on vertex reconstruction efficiency
in the barrel, for samples mediated by the SM Higgs.

Sample
mH = 125 GeV

nVertices
reconstructed with

nominal reco

nVertices reconstructed
after SF is applied

during reco

Vertex SF

mS = 5 GeV 2072 1864 0.900
mS = 15 GeV 11887 11031 0.928
mS = 35 GeV 15224 14118 0.927
mS = 55 GeV 5982 5525 0.924

Table 7.7: Summary of effect of vertex scale factor on vertex reconstruction efficiency
in the endcaps, for samples mediated by the SM Higgs.

mH [GeV]mS[GeV]
nVertices

reconstructed with
nominal reco

nVertices reconstructed
after SF is applied

during reco

Vertex SF

60
5 1921 1403 0.730
15 1417 1085 0.766

200 50 3481 2617 0.752

400 100 6536 4463 0.683

600
50 17060 12943 0.759
150 11254 7736 0.687

1000
50 10414 7144 0.686
275 15598 11546 0.740
475 3077 2071 0.673

Table 7.8: Summary of effect of vertex scale factor on vertex reconstruction efficiency
in the barrel for non-SM Higgs samples.
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mH [GeV]mS[GeV]
nVertices

reconstructed with
nominal reco

nVertices reconstructed
after SF is applied

during reco

Vertex SF

60
5 20440 18162 0.889
15 12104 11085 0.916

200 50 17408 16218 0.932

400 100 20690 18002 0.870

600
50 29403 27765 0.944
150 25759 22333 0.867

1000
50 12996 12001 0.923
275 26006 24194 0.930
475 28078 23805 0.848

Table 7.9: Summary of effect of vertex scale factor on vertex reconstruction efficiency
in the endcaps for non-SM Higgs samples.
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CHAPTER 8

Search for Two Displaced Vertices in the Muon Spectrometer

8.1 Analysis Overview

This analysis targets on a BSM process in which a pair of long-lived particles are

produced that each decay hadronically. This analysis focuses on the case where each

long-lived particle (LLP) decays into the MS. A benchmark process for this event is

the production of LLPs produced via the Higgs portal as described in Section 2.2.

This analysis is sensitive to other models in which a pair of LLP particles are produced

as well.

SM particles originating from the pp collisions, except for neutrinos, will more or

less leave some activities in the ID or calorimeters. It is rare to have a displaced

vertex of more than tens of cm from SM processes. The requirement of a second

displaced vertex will further suppress the SM background from collision, since the

probability to have two displaced background vertices is extremely small. While the

SM background is negligible, there are other sources of background that give rise to

MS vertices that appear displaced. These backgrounds include:

• Because there are large fluctuations associated with the hadronic shower pro-

cess, remnants of the shower can escape the calorimeter and enter the MS. These

are referred to as punch-through jets. Due to mis-measurement on jets that con-

tain only neutral hadrons or jets that go into crack region, punch-through jets

may not be reconstructed and therefore make the MS vertex look displaced.

• Beam-halo muons can create showers in the MS and fake an isolated MS vertex.

• Cosmic ray muons can create showers in the MS and fake an isolated MS vertex.

• Bursts of noise in detectors and electronics can create large numbers of hits in

the MDT and trigger chambers. The combination of these hits can be recon-

structed as an isolated MS vertex.

These sources of background are not well modeled by any MC simulations. We

therefore use a data-driven method to estimate the background in the two MS vertex

search.
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8.2 Analysis Cutflow

Signal-like events are selected using an analysis cutflow summarized in Table 8.1. In

the pre-selection stage, events are required to pass the HLT j30 muvtx noiso trigger

and also pass the standard ATLAS event cleaning selections. These criteria are used

to remove problematic regions of the detector or incomplete events. When a detector

problem occurs in the liquid argon system, the tile calorimeter system or the SCT

inner detector system, or an event has missing information, error flags will be added

to the event so that the problematic events can be removed by the event cleaning

selection. Each event is required to have one primary vertex with at least two good

tracks, which reduces the non-collision background occurring during a bunch crossing.

Events with two or more MS vertices are selected. Each MS vertex must pass the

selection criteria described in Section 7.2. The MS vertex section are slightly different

depending on whether the vertex is in the barrel or endcap region. If a second muon

RoI is present in the event, the second vertex must be matched to the second cluster

since a long-lived particle will very rarely leave a cluster of muon RoIs in a different

angular region to an MS vertex. In addition to the basic selection, an data event must

pass the good runs list, in which each part of the detector must be fully operational

and output uncorrupted data.

8.3 Background Estimation

The number of background events is estimated by a data-driven method which uses

data from both main stream (collision data of interest for physics studies) and zero-

bias stream (data collected by the zero-bias trigger). The estimation is based on the

assumption that there is no correlation between finding one MS vertex and finding

another. In this case, the number of background is estimated by the product of the

number of triggered data events with one MS vertex and the probability to have

another MS vertex. The formula used is shown as follow:

N2Vx = N1cl · PVx
noMStrig +N2cl

1UMBcl · PVx
Bcl +N2cl

1UMEcl · PVx
Ecl . (8.1)

This equation can be separated into two parts with different number of trigger

clusters. The first term has only one cluster. The N1cl in the first term is the number

of main stream data events that fire the Muon RoI Cluster trigger and have only

one trigger cluster matched to a MS vertex. PVx
noMStrig measures the probability that

a vertex randomly occurs from any process without firing the trigger. This term is



108

Level Cut Value

Preselection Trigger HLT j30 muvtx noiso
Event cleaning Standard ATLAS event cleaning
Primary vertex At least one (standard ATLAS selection)
MS Vertex multiplicity At least 2

MS Vertex MDT hits 300 < nHits < 3000
selection RPC hits nHits > 250 (|ηvx| < 1.0)

TGC hits nHits > 250 (1.0 < |ηvx| < 2.5)
Min. vertex tracklets 3 (4) in barrel (endcaps)
MS Overlap region veto 0.8 < |ηvx| < 1.3
HCal crack veto 0.7 < |ηvx| < 1.3
Trigger matching ∆R(vx, muon RoI Cluster) < 0.4

If a second trigger cluster is present,
vertex matches cluster

Jet selection pT > 30 GeV
for vertex log10(EHAD/EEM) < 0.5
isolation JVT JVT > 0.59 if jet pT < 60 GeV

Event selection Vertex Isolation See Table 7.1

Table 8.1: Description of the selection criteria used for the 2 MSVtx channel. Details
of vertex selection are described in Chapter 7.
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calculated by data collected by zero-bias trigger HLT zb noalg L1ZB. The number of

events with one vertex N[1Vx] in the zero-bias data are counted. PVx
noMStrig is given

by N[1Vx] divided by the total number of zero-bias events N[Events]. As a result,

the first term represents the number of background events with two vertices, of which

one vertex is matched to the cluster and the other is not.

The second and third terms represent the cases where there are two trigger clusters.

In the formula, barrel and endcaps are treated separately. This is because triggers in

the barrel and endcaps have different requirements on the number of RoIs, and the

vertex reconstruction strategies are different as mentioned in the previous sections.

The N2cl
1UMBcl or N2cl

1UMEcl is the number of data events that have one vertex and two

clusters with one cluster matched to the vertex and the other unmatched. The letter

“B” stands for the case where the unmatched cluster is in the barrel and “E” stands

for the case in the endcaps.

If a second vertex occurs, it must be matched to the unmatched cluster. The

probability that a MS vertex has a matching trigger clusters is given by PVx
Bcl or PVx

Ecl ,

depending on the detector region. Its value is given by the ratio of the number

of events in main stream data with one matched vertex/cluster pair (N[1BCluVx]

or N[1ECluVx]) divided by the number of events with one cluster (N[1BClu] or

N[1EClu]). The combination of second and third terms in Equation 8.1 gives the

number of background events with two vertices and each of the vertices are matched

to a cluster.

Since the Muon RoI Cluster trigger and MS vertex reconstruction are based on

cone algorithms of either muon RoIs or tracklets, if the decay positions of two LLPs

are close to each other, there is a chance that the two clusters or two vertices created

by the two LLPs can not be resolved. To eliminate such events, in the analysis,

any events with two vertices are required to have a ∆R = 1.0 separation. This is a

sufficient separation for any cone algorithm with ∆R = 0.4, like the one used in the

trigger cluster reconstruction.

The value of each parameter used for Equation 8.1 is listed in Table 8.2. The

zero-bias data is collected at a fixed rate of 7 Hz. This means that the zero-bias data

could severely undersample the runs with high instantaneous luminosity, which thus

leads to a different pileup profile than the main stream data. To match the pileup

distribution of the main stream data, each of the zero-bias events is assigned a weight

that is defined as the ratio of the number of events occurring in the main stream data

at a given pileup µ, divided by the number of events occurring in the zero-bias data
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Stream Quantity Value

ZeroBias
N[Events] 115707416± 10757
N[1Vx] 53± 7
→ PVx

noMStrig (4.6± 0.6)× 10−7

Main

N1cl 674775± 821
N2cl

1UMBcl 3+2.43
−1.17

N2cl
1UMEcl 0+1.35

−0.00

N[1BClu] 38509130± 6206
N[1BCluVx] 124648± 353
→ PVx

Bcl (3.24± 0.009)× 10−3

N[1EClu] 15598939± 3950
N[1ECluVx] 550127± 742
→ PVx

Ecl (3.53± 0.005)× 10−2

Table 8.2: Numbers of events in the 13 TeV dataset passing the Muon RoI Cluster
trigger and the zero-bias trigger HLT zb noalg L1ZB. Vertices are required to pass
the isolation criteria described in Section 7.2, These values are necessary to calculate
the background prediction. The notation is explained in the text. Uncertainties are
statistical only. The probabilities needed to compute the background from events
containing MS vertices from non-signal processes are also reported. PVx

Bcl and PVx
Ecl are

the probabilities of finding one MS isolated vertex in events passing the Muon RoI
Cluster trigger that have a single cluster that is matched to a vertex in the barrel or
endcaps, respectively. The probability of finding an MS isolated vertex not matched
to a cluster of muon RoIs is given by PVx

noMStrig.

at the same pileup µ. After reweighting the zero-bias events, the value of PVx
noMStrig is

re-calculated to be (4.61± 0.63)× 10−7.

The final background estimation and the number of observed events in 2015-2018

data are summarized in Table 8.3. Figure 8.1 shows the number of background per

average pileup per integrated luminosity at each data-taking year. The distribution is

almost flat, which indicates that the background is not only affected by the luminosity,

but also the pileup.

Expected background events Observed events

0.32± 0.05 0

Table 8.3: Background estimation and observed events in 2015-2018 data.

The background estimation method is validated using two background dominated
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Figure 8.1: Number of background events per average pileup per integrated luminosity
at each data-taking year from 2015 to 2018.

validation regions based on the inverted vertex-track isolation criteria and the vertex-

jet isolation criteria shown in Table 8.4.

One validation region is defined by selecting events with two non-isolated vertex-

cluster pairs. The number of events with two vertex-cluster pairs is observed to

be 1 using the full Run 2 data. The term with two muon RoI clusters, N2cl
1UMBcl ·

PVx
Bcl + N2cl

1UMEcl · PVx
Ecl , predicts 1.561+0.289

−0.241 events in the same region. The prediction

is statistically consistent with the observation.

The term with one muon RoI cluster, N1cl · PVx
noMStrig, is validated by applying

the inverted isolation criteria to N1cl but not to PVx
noMStrig, which gives the number

of events in another validation region with one non-isolated vertex-cluster pair and

one isolated vertex. The reason to have a second validation region is that PVx
noMStrig

will underestimate the probability of there being a non-isolated vertex. Because the

average activity in the detector is significantly lower in the zero-bias data than in the

main stream data. In this validation region, N1cl ·PVx
noMStrig predicts 0.99±0.20 events

and 0 events are observed.

8.4 Lifetime Extrapolation

8.4.1 Extrapolation Procedure

The fully simulated signal benchmark MC samples are only generated for a single

proper lifetime. However, the analysis is sensitive to a wide range of proper lifetimes.
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Requirement Barrel Endcap

MDT hits 300 ≤ nMDT < 3000 300 ≤ nMDT < 3000
RPC/TGC hits nRPC ≥ 250 nTGC ≥ 250
> 5 GeV track isolation ∆R < 0.2 ∆R < 0.3
Track |Σ ~pT| in 0.2 cone < 10 GeV < 10 GeV
> 30 GeV jet isolation ∆R < 0.2 ∆R < 0.3

Table 8.4: Inverted isolation criteria (marked in bold) applied to MS vertices.

Instead of generating MC events at many lifetimes, the results from the simulated MC

sample are extrapolated to larger and smaller lifetimes. A toy MC using only the long-

lived particle 4-momenta, together with trigger efficiency and vertex reconstruction

efficiency are used to perform this extrapolation to estimate the expected number of

signal events for each sample, for a range of proper lifetimes between 0 m and 300 m

(this is the range between which a useful limit can be set).

In order to determine if a criterion is passed based on an efficiency (e.g. will a

LLP decay leave a good reconstructed vertex), a random number between 0 and 1

is generated. If the random number is less than the efficiency, the event passes the

selection.

Two important efficiencies we need to consider here are trigger efficiency and

vertex reconstruction efficiency. To implement the random probability strategy men-

tioned above, we need a trigger efficiency to determine if a LLP decay will fire the

muon RoI cluster trigger and a vertex reconstruction efficiency to determine if a LLP

decay will leave a good reconstructed vertex. In principle, the trigger and vertex

efficiencies at a certain detector position have a dependence on the kinematic distri-

bution of an LLP. The kinematic distribution of an LLP is different in the detector

fiducial region for samples with different mean proper lifetimes. In order to make the

efficiencies independent of lifetime, the trigger and vertex reconstruction efficiencies

are parameterized as functions of LLP decay position and the LLP boost β, one of

the LLP kinematic variables.

Since the trigger efficiency in the two MS vertex topology depends on both of

the LLPs, it will be a function of four arguments (two LLP positions and two LLP

boosts). Directly parameterizing the efficiency in this way will lead to large statistical

uncertainties in each bin. Instead one uses a parameterization for a single MS vertex

that has only two variables. Assuming that the two LLPs fire trigger independently,
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the trigger efficiency for the two MS vertex topology εtrigger, 2LLP can be estimated by

εtrigger, 2LLP(LLP1,LLP2) = 1− (1− Ptrigger, 1LLP(LLP1))(1− Ptrigger, 1LLP(LLP2)),

(8.2)

where Ptrigger, 1LLP is the trigger probability derived in the one MS LLP region. It is

calculated by dividing the number of triggered events in a region with only one MS

LLP that is separated to the other LLP, by the total number of events in the same

region. An example of Ptrigger, 1LLP is shown in Figure 8.2.
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Figure 8.2: (a) MS Barrel trigger probability in the one-LLP region. (b) MS Endcap
trigger probability in the one-LLP region.

Ptrigger, 1LLP is not the same as the trigger efficiency defined in Section 5.4.2 due to

the additional requirement on separation of the two LLPs. Because the calculation

of the Ptrigger, 1LLP efficiency required that the two LLPs be well separated by a ∆R

cut or that one of the LLPs decayed outside the detector. This was done in order to

minimize contamination from one LLP decay on the decay of interest. If ∆R is 0,

the estimated MS 2-vertex trigger efficiency εtrigger, 2LLP will be highly overestimated.

As ∆R increases, Ptrigger, 1LLP decreases and the statistical uncertainty increases. The

∆R cut for Ptrigger, 1LLP is relaxed to the point where the difference between the

estimated trigger efficiency εtrigger, 2LLP and the trigger efficiency directly calculated

from the signal MC sample is within 1σ uncertainty. Signal MC samples with different

parameters generally have different detector signature, so the ∆R cut needs to be

tuned for each sample. The choice of ∆R values and corresponding results are listed

in Table 8.5.
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mH ms Lifetime [m] ∆R f toy estimation
trig f fullsimtrig % diff. (median)

125 5 0.127 3.0 0.00183+0.00018
−0.00017 0.00173± 0.00011 5.8%

125 15 0.580 3.0 0.00590+0.00022
−0.00021 0.00505± 0.00014 16.8%

125 35 1.31 3.0 0.00386+0.00018
−0.00017 0.00385± 0.00008 0.3%

125 55 5.32 2.0 0.00143+0.00013
−0.00013 0.00141± 0.00006 1.4%

60 5 0.217 3.0 0.000492+0.000034
−0.000039 0.000501± 0.000032 1.8%

60 15 0.661 3.0 0.000482+0.000049
−0.000050 0.000585± 0.000048 17.6%

200 50 1.255 3.0 0.00713+0.00034
−0.00035 0.00666± 0.00020 7.1%

400 100 1.608 3.0 0.01704+0.00048
−0.00048 0.01481± 0.00030 15.1%

600 50 0.590 3.0 0.02487+0.00038
−0.00040 0.02634± 0.00039 5.6%

600 150 1.840 3.0 0.02318+0.00042
−0.00042 0.02176± 0.00029 6.5%

600 275 4.288 2.0 0.00533+0.00014
−0.00015 0.00480± 0.00008 11.0%

1000 50 0.406 3.0 0.03181+0.00031
−0.00032 0.02935± 0.00034 8.4%

1000 275 2.399 3.0 0.02952+0.00048
−0.00048 0.02762± 0.00033 6.9%

1000 475 6.039 2.0 0.00552+0.00016
−0.00016 0.00529± 0.00008 4.3%

Table 8.5: Fraction of toy events passing trigger selection criteria with separated
LLPs (∆R > 1) that both decay in the MS and the fraction of signal events passing
trigger selection in the fully simulated signal samples.

For the two vertex reconstruction efficiency we use the efficiency calculated in the

one MS vertex region εvtx reco, 1vtx. The vertex reconstruction efficiency for the two

MS vertex topology εvtx reco, 2vtx is

εvtx reco, 2vtx(LLP1,LLP2) = εvtx reco, 1vtx(LLP1) · εvtx reco, 1vtx(LLP2). (8.3)

An example of εvtx reco, 1vtx is shown in Figure 8.3.

The steps used in making the lifetime extrapolation for the two MS vertex topology

are listed here:

1. Starting with cτ = 0.01 m, generate a random decay position for each of the

two LLPs, sampled from an exponential distribution, f(t) = exp−t/βγcτ .

2. Calculate the physical decay position in the detector for each of the particles,

using their stored 4-momenta.

3. Determine if the resulting decay position topology satisfies the two vertex fidu-

cial region. There are three categories to check:

(a) Barrel MS - Barrel MS: Two particles decaying with |η| < 0.7, 3 m< R <

8 m.
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Figure 8.3: (a) MS Barrel vertex reconstruction efficiency in the one-vertex region.
(b) MS Endcap vertex reconstruction efficiency in the one-vertex region.

(b) Barrel MS - Endcap MS: One particle decaying with |η| < 0.7, 3 m< R <

8 m and the other with 1.3 < |η| < 2.5, 5 m< |z| < 15 m, R < 10 m.

(c) Endcap MS - Endcap MS: Two particles decaying with 1.3 < |η| <
2.5, 5 m< |z| < 15 m, R < 10 m.

4. Each topology has a distinct set of trigger and vertex reconstruction efficiencies

and thus a slightly different procedure. They are outlined individually below:

(a) Barrel MS - Barrel MS (BB)

i. Determine if the barrel decay with ∆t, which is defined as how late

the decay products of an LLP arrives at the last RPC trigger plane

as compared to a particle traveling at speed of light c, is in time with

respect to the level-1 barrel trigger response in data [151]. The decay

is considered “in time” if its randomly generated probability is less

than the efficiency for the RPC response at the particle’s ∆t.

ii. If the event is in time, determine if it will pass the RoI cluster trigger

by using the estimated efficiency for the trigger εtrigger, 2LLP, where

both of the LLPs decay in MS barrel.

iii. If the event passes the trigger, the MS vertex reconstruction efficiency

εvtx reco, 2vtx is considered for barrel MS decays in triggered barrel MS -

barrel MS events. Each LLP is considered individually. If both decays
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pass the vertex reconstruction efficiency, the event is counted as a good

two vertex event.

(b) Barrel MS - Endcap MS (BE)

i. Determine if the endcap decay is in time (∆t < 25 ns). If it is not,

then see if the barrel decay is in time based on the efficiency for the

RPC response.

ii. If the event is in time, determine if it will pass the RoI cluster trigger

by using the estimated efficiency for the trigger εtrigger, 2LLP, where one

of the LLPs decays in MS barrel and the other decays in MS endcap.

iii. If the event passes the trigger, the MS vertex reconstruction efficiency

εvtx reco, 2vtx is considered for barrel MS decays in triggered barrel MS

- endcap MS events and for endcap MS decays in triggered barrel MS

- endcap MS events. If both decays “reconstruct” vertices, the event

is counted as a good two vertex event.

(c) Endcap MS - Endcap MS (EE)

i. Determine if the endcap decay with smaller ∆t (not necessarily the

decay with larger β - this also depends on how far the particle travels

before decaying) is in time (∆t < 25 ns).

ii. If the event is in time, determine if it will pass the RoI cluster trigger

by using the estimated efficiency for the trigger εtrigger, 2LLP, where

both of the LLPs decay in MS endcap.

iii. If the event passes the trigger, the MS vertex reconstruction efficiency

εvtx reco, 2vtx is considered for endcap MS decays in triggered endcap

MS - endcap MS events. Each LLP is considered individually. If

both decays “reconstruct” vertices, the event is counted as a good two

vertex event.

(d) Steps 1 through 4 are repeated starting from cτ = 0.01 m to cτ = 300.0

m with an increment changed with the proper lifetime. The step size is

changed because the scale on which the expected signal changes between

cτ values becomes larger.

(e) The final result is the number of expected signal events as a function of

proper lifetime for each topology (BB, BE and EE). These numbers are

summed together and rescaled by (production cross-section)x(integrated
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luminosity)/(number of toy events) to obtain the number of expected signal

events in 139 fb−1 of data.

As a final step, the estimated global signal efficiency is compared with the global

signal efficiency directly calculated from the benchmark signal MC sample.The global

efficiency includes both trigger and vertex reconstruction efficiencies. The difference

is considered as a systematic uncertainty on the extrapolation method. In Table 8.6,

we listed the comparison results for samples with different mass points.

mH ms Lifetime [m] εtoy estimation
global εfullsimglobal % diff. (median)

125 5 0.127 0.000178+0.000021
−0.000019 0.000155± 0.000040 14.8%

125 15 0.580 0.000742+0.000033
−0.000034 0.000697± 0.000058 6.5%

125 35 1.31 0.000552+0.000034
−0.000032 0.000509± 0.000029 8.4%

125 55 5.32 0.000072+0.000009
−0.000008 0.000065± 0.000014 10.8%

60 5 0.217 0.000035+0.000002
−0.000003 0.000038± 0.000008 7.9%

60 15 0.661 0.000054+0.000005
−0.000006 0.000059± 0.000015 8.5%

200 50 1.255 0.00112+0.00008
−0.00007 0.00101± 0.00008 10.9%

400 100 1.608 0.00219+0.00012
−0.00012 0.00203± 0.00012 7.9%

600 50 0.590 0.00268+0.00014
−0.00014 0.00295± 0.00013 9.2%

600 150 1.840 0.00209+0.00011
−0.00010 0.00231± 0.00010 9.5%

600 275 4.288 0.000177+0.000010
−0.000012 0.000226± 0.000017 21.7%

1000 50 0.406 0.00220+0.00009
−0.00009 0.00216± 0.00009 1.9%

1000 275 2.399 0.00130+0.00010
−0.00009 0.00139± 0.00008 6.5%

1000 475 6.039 0.000097+0.000010
−0.000010 0.000139± 0.000013 30.2%

Table 8.6: Estimated global signal efficiency from extrapolation method and global
signal efficiency from benchmark signal sample.
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8.4.2 Parametrisation of the Expected Signal Events

The result of the toy MC is an expected number of signal events at each simulated

proper lifetime, which is subject to statistical uncertainties from the number of toy

events. To present a smooth limit, the expected event histograms are all fit with a

Novosibirsk function [152]. The Novosibirsk function is defined as follows:

f(x;x0, σ, τ) = exp

[
−1

2

{
ln2 (1 + Λτ(x− x0))

2τ 2
+ τ 2

}]
, (8.4)

where Λ =
sinh (τ

√
ln 4)

στ
√

ln 4
. (8.5)

An example of a fit in the [mH ,ms] = [125, 35] GeV, two MS vertex event topology

case is shown in Figure 8.4.
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Figure 8.4: Signal efficiencies obtained from the extrapolation procedure outlined
in Section 8.4 and fits using a Novosibirsk function. The three lines represent the
nominal signal efficiency and the variation accounting for all statistical errors.

8.4.3 Extrapolation Results

Figures 8.5, 8.6 and 8.7 show the results of the lifetime extrapolation for samples with

different masses and proper lifetimes.
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Figure 8.5: Extrapolated global signal efficiencies for different samples. The plots
show agreement between extrapolations performed with official MC samples with
different lifetimes for H → ss decays. Uncertainties are the result of statistical
uncertainties of the efficiencies input into the extrapolation.
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Figure 8.6: Extrapolated global signal efficiencies for different samples. The plots
show agreement between extrapolations performed with official MC samples with
different lifetimes for H → ss decays. Uncertainties are the result of statistical
uncertainties of the efficiencies input into the extrapolation.
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Figure 8.7: Extrapolated global signal efficiencies for different samples. The plots
show agreement between extrapolations performed with official MC samples with
different lifetimes for H → ss decays. Uncertainties are the result of statistical
uncertainties of the efficiencies input into the extrapolation.

8.5 Systematic Uncertainties

This section summaries the systematic uncertainties associated with the analysis.

8.5.1 Systematic Uncertainties from Mismodelling in Signal MC

In Section 5.4.1, mismodellilng factors on L1 Muon RoI are derived for barrel and

endcaps respectively. They are 1.24 ± 0.01 in barrel and 1.20 ± 0.01 in endcaps.

To be conservative and not over-estimate the final limits, these factors are used as

systematic uncertainties on the trigger efficiencies, which means 24% uncertainty is

applied to the barrel trigger efficiency and 20% uncertainty is applied on the endcap

trigger efficiency.

Section 7.5 discusses the tracklet mismodelling. The scale factor derived for the

barrel vertex reconstruction efficiency is 0.75 and the scale factor for the endcap vertex

reconstruction efficiency is 0.91. The systematic uncertainties associated with these

scale factors are 11% in the barrel and 13% in the endcaps.

8.5.2 Systematic Uncertainties from Pileup

The distribution of the number of primary vertices in MC simulation does not exactly

match that in data. This is due to the imperfect modelling of the number of primary

vertices in the minimum bias simulation. After reweighting the MC events, which
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is called the pileup reweighting (PRW) procedure, a systematic error remains. This

can be seen in Figure 8.8 that shows the barrel vertex reconstruction efficiency for

the [mH , mS] = [125, 55] GeV sample, with and without the pileup systematic

uncertainties applied.
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Figure 8.8: The effect of pileup systematic uncertainties on the MS vertex recon-
struction efficiency in the barrel, for the Hidden Sector [mH , mS] = [125, 55] GeV
sample.

In Figure 8.8b, it is clear that any effect the pileup systematic uncertainty has

on the vertex reconstruction efficiency does not depend on the LLP decay position.

Thus, the final contribution to the vertex reconstruction efficiency is determined with

a rebinned efficiency, just as with the data–MC scale factor systematic uncertainties

addressed in the previous subsection. For this benchmark sample, pileup systematics

contribute +1.1, −0% to the overall vertex reconstruction systematic uncertainty.

8.5.3 Systematic Uncertainties from PDF

The parton distribution function (PDF) used to generate signal MC events is

NNPDF3.1 (NNPDF31 lo as 0130). The central value “best estimate” of the PDF is

used to generate events, but this is formed from the 100 different PDF fits extracted

from input data. In order to determine the uncertainty resulting from this ensemble

of fits, each MC sample is reweighed to mimic each of the 100 PDF fits. For each

final-state efficiency (e.g. Muon RoI Cluster trigger or MS Vertex reconstruction),

the ratio of the efficiency for the PDF fit weighted events to the central value PDF

events is determined. An example of this is shown in Figure 8.9a.
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Figure 8.9: The effect of parton distribution function uncertainties on the MS
vertex reconstruction efficiency in the barrel, for the Hidden Sector [mH , mS] =
[125, 55] GeV sample.

The sample standard deviation of the ensemble is calculated for each Lxy bin, and

the systematic uncertainty is the central value ± the standard deviation. The central

value±1σ is shown as black line in Figure 8.9a and the data points in Figure 8.9b. The

per-bin variations are approximately uniform, and thus the net systematic uncertainty

on the reconstruction efficiency is determined by re-binning the efficiency into a single

bin, as was done for the pileup and data–MC scale factor systematic uncertainties.

In this case, the systematic uncertainty on barrel MS vertex reconstruction due to

PDF uncertainties is ±0.004, or ±0.4%.

8.5.4 Summary of Systematic Uncertainties

The contributions to systematic uncertainties from each of the components are listed

as follows:

• Systematic uncertainty from luminosity measurement in Run 2 is 1.7%.

• Mismodelling of muon RoIs assigns a 24% systematic uncertainty to the bar-

rel trigger efficiency and a 20% systematic uncertainty to the endcap trigger

efficiency.

• Mismodelling of MS vertex reconstruction is characterized by scale factors on the

vertex reconstruction efficiencies, 0.75 for the barrel and 0.91 for the endcaps.



124

The systematic uncertainties associated to the barrel and endcap scale factors

are 11% and 13%, respectively.

• The systematic uncertainties from lifetime extrapolation using the toy MC

method are listed in Section 8.4. They range from 1.9% to 30% depending

on masses.

• The pileup and PDF systematic uncertainties are summarized in Tables 8.7-

8.14. In the end, the pileup and PDF uncertainties that are applied are the

average uncertainties across all the signal samples. For the pileup uncertainty

on the vertex reconstruction, it is ±0.51% in the barrel and ±0.24% in the

endcaps. For the pileup uncertainty on the RoI Cluster trigger, it is ±0.47% in

the barrel and ±0.58% in the endcaps. For the PDF uncertainty on the vertex

reconstruction, it is ±0.19% in the barrel and ±0.19% in the endcaps. For the

PDF uncertainty on the RoI Cluster trigger, it is ±0.23% in the barrel and

±0.22% in the endcaps.

Table 8.7: Summary of systematic uncertainties on the Muon RoI Cluster trigger in
the barrel for the Higgs boson benchmark samples with mH = 125 GeV.

ms Pileup PDF Total

5 +0, -2.0% ±0.1% +0.1, -2.0%
15 +0.6, -1.3% ∼ 0 +0.6, -1.3%
35 +0.2, -0.3% ±0.1% +0.2, -0.3%
55 +0.8, -1.6% ±0.4% +0.9, -1.6%
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Table 8.8: Summary of systematic uncertainties on the Muon RoI Cluster trigger in
the barrel for the scalar boson benchmark samples with mH 6= 125 GeV.

mH ms Pileup PDF Total

60 5 +0, -1.6% ±0.4% +0.4, -1.6%
60 15 +0, -1.5% ±0.4% +0.4, -1.6%
200 50 +0.6, -0% ±0.07% +0.6, -0.07%
400 100 +0, -0.4% ±0.02% +0.02, -0.4%
600 50 +0.1, -0.3% ±0.02% +0.1, -0.3%
600 150 +0.3, -0% ±0.04% +0.3, -0.04%
600 275 +0, -0.3% ±0.6% +0.6, -0.7%
1000 50 +0, -0.09% ±0.02% +0.02, -0.09%
1000 275 +0, -0.1% ±0.07% +0.07, -0.1%
1000 475 +0.5, -0.4% ±1.0% ±1.1%

Table 8.9: Summary of systematic uncertainties on the Muon RoI Cluster trigger in
the endcaps for the Higgs boson benchmark samples with mH = 125 GeV.

ms Pileup PDF Total

5 +0.1, -1.0% ±0.1% +0.1, -1.0%
15 +2.4, -2.1% ∼ 0 +2.4, -2.1%
35 +0.7, -0.2% ±0.2% +0.7, -0.3%
55 +0.4, -0.03% ±0.4% +0.6, -0.4%

Table 8.10: Summary of systematic uncertainties on the Muon RoI Cluster trigger in
the endcaps for the scalar boson benchmark samples with mH 6= 125 GeV.

mH ms Pileup PDF Total

60 5 +0, -0.9% ±0.1% +0.1, -0.9%
60 15 +2.6, -1.3% ±0.3% +2.6, -1.3%
200 50 +1.2, -0% ±0.2% +1.2, -0.2%
400 100 +0.5, -0% ±0.2% +0.5, -0.2%
600 50 +0.4, -0.2% ±0.1% +0.4, -0.2%
600 150 +0.3, -0% ±0.2% +0.4, -0.2%
600 275 +0.5, -0% ±0.2% +0.5, -0.2%
1000 50 +0, -0.2% ±0.08% +0.08, -0.2%
1000 275 +0, -0.1% ±0.3% ±0.3%
1000 475 +0, -1.0% ±0.7% +0.7, -1.2%
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Table 8.11: Summary of MS vertex systematic uncertainty in the barrel for the Higgs
boson benchmark samples with mH = 125 GeV.

ms Pileup PDF Total

5 +0, -0.3% ±0.1% +0.1, -0.3%
15 +0.7, -1.7% ∼ 0 +0.7, -1.7%
35 +0, -0.2% ±0.1% +0.1, -0.2%
55 +1.1, -0% ±0.4% +1.2, -0.4%

Table 8.12: Summary of MS vertex systematic uncertainty in the barrel for the scalar
boson benchmark samples with mH 6= 125 GeV.

mH ms Pileup PDF Total

60 5 +1.4, -1.1% ±0.2% +1.4, -1.1%
60 15 +1.7, -0.2% ±0.2% +1.7, -0.3%
200 50 +0.5, -0.5% ±0.09% ±0.5%
400 100 +0.3, -0.4% ±0.02% +0.3, -0.4%
600 50 +0.3, -0.1% ±0.03% +0.3, -0.1%
600 150 +0.1, -0% ±0.02% +0.1, -0.02%
600 275 +0, -0.6% ±0.5% +0.5, -0.8%
1000 50 +0.8, -0% ±0.07% +0.8, -0.07%
1000 275 +0.05, -0.3% ±0.05% +0.07, -0.3%
1000 475 +0.3, -1.5% ±0.5% +0.6, -1.6%

Table 8.13: Summary of MS vertex systematic uncertainty in the endcaps for the
Higgs boson benchmark samples with mH = 125 GeV.

ms Pileup PDF Total

5 +0, -0.9% ±0.05% +0.05, -0.9%
15 +0.2, -0.4% ∼ 0 +0.2, -0.4%
35 +0, -0.08% ±0.1% ±0.1%
55 +0, -0.5% ±0.2% +0.2, -0.5%
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Table 8.14: Summary of MS vertex systematic uncertainty in the endcaps for the
scalar boson benchmark samples with mH 6= 125 GeV.

mH ms Pileup PDF Total

60 5 +0.3, -0.1% ±0.05% +0.3, -0.1%
60 15 +0.06, -0.6% ±0.1% +0.1, -0.6%
200 50 +0.1, -0.2% ±0.1% +0.1, -0.2%
400 100 +0, -0.5% ±0.1% +0.1, -0.5%
600 50 +0.3, -0.1% ±0.08% +0.3, -0.1%
600 150 +0.3, -0% ±0.1% +0.3, -0.1%
600 275 +0.3, -0% ±0.4% +0.5, -0.4%
1000 50 +0.01, -0.6% ±0.2% +0.2, -0.6%
1000 275 +0.2, -0.5% ±0.1% +0.2, -0.5%
1000 475 +0, -0.4% ±1.1% +1.1, -1.2%
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CHAPTER 9

Statistical Interpretation of Results

9.1 Overview of the Statistical Method

9.1.1 Signal Discovery

In Chapter 8, the final data yield from the event selection is counted and the number

of background events in the signal region is estimated. To tell how likely signal excess

exists in the observed data, the final yield is compared to the total background using

a statistical method called the hypothesis test. One hypothesis test consists of a null

hypothesis H0 and an alternative hypothesis H1. In the context of signal discovery,

H0 assumes that only background processes exist, which is often referred to as the

background-only hypothesis. H1 assumes that signal process exists besides of the

background, which is called the signal-plus-background hypothesis.

To quantify the level of agreement between the observed data and the given hy-

pothesis, a test statistic needs to be constructed. The test statistic can be the number

of events in a certain kinematic region or a likelihood ratio of signal and background

events. According to the statistical model built for the analysis, the distribution of

test statistic using assumption H0 can be generated from either pseudo-experiments

or from asymptotic functions [153]. The value of the test statistic can be used to find

the probability of finding data of equal or greater incompatibility with the predic-

tions under the assumption of H0. This probability is called p-value. The smaller the

p−value is, the larger is the incompatibility between data and the hypothesis. Typi-

cally a hypothesis is regarded as excluded if the p-value is below a certain threshold

α, where 1− α is referred to as confidence level (CL).

In this analysis, the statistical model is described by a likelihood that is the

product of a Poisson probability and constraint terms πj:

L(µ,θ) =
(µ+ b)n

n!
e−(µ+b)

∏
θj∈θ

πj(θj). (9.1)

µ is our parameter of interest (POI), the expected signal yield. The value of µ = 0

corresponds to the background-only hypothesis and µ > 0 corresponds to the signal-

plus-background hypothesis. The other values in the likelihood are b, the number
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of expected background events and n, the number of observed events in the signal

region. Thus µ+ b gives the expectation value of n.

The set of θ = {θj} is a set of nuisance parameters that describes the statisti-

cal and systematic uncertainties for signal and background. The value of a nuisance

parameter is usually constrained by independent auxiliary measurements or by phys-

ical assumptions. Since all the nuisance parameters in our analysis are uncertainties,

their distributions πj have to be modeled from assumptions. We assume that the

uncertainties associated with the number of signal and background events follow a

Gaussian distribution. Hence the πj are set to be Gaussian functions.

To test the agreement between the data and the hypothesized value of µ, we

consider the profile likelihood ratio described in [153]:

λ̃(µ) =


L(µ,θ′(µ))

L(µ̂,θ̂)
µ̂ ≥ 0

L(µ,θ′(µ))
L(0,θ′(0))

µ̂ < 0
(9.2)

In the numerator, θ′ is the value of θ that maximizes L for any specified µ. In the

denominator, µ̂ and θ̂ are the maximum-likelihood estimators, i.e., L(µ̂, θ̂) ≥ L(µ,θ)

for any µ and θ. When µ̂ < 0, the denominator is set to L(0,θ′(0)), because λ̃(µ)

corresponds to a physics model with µ ≥ 0. If the data are found to have negative

µ̂, the best level of agreement between data and any physical value of µ occurs for

µ = 0. For µ̂ ≥ 0, the value of λ̃ is within a range between 0 and 1. A value of λ̃

close to 1 implies good agreement between the data and the hypothesized µ.

The test statistic used by this analysis called the profile log-likelihood ratio, which

is constructed from the profile likelihood ratio. It is defined in Equation 9.3.

q0 = −2lnλ̃(0) =

−2lnL(0,θ′)

L(µ̂,θ̂)
µ̂ ≥ 0

0 µ̂ < 0
. (9.3)

For the purpose of signal discovery, we test µ = 0 against a hypothesis that

assumes the existence of signal. With this definition, the background-only hypothesis

is only tested for µ̂ ≥ 0. When the observed event yield is found to be above the

expected background, µ̂ will increase. This in turn gives rise to a larger value of q0,

corresponding to a larger incompatibility between data and the µ = 0 hypothesis.

The case µ̂ < 0 is irrelevant to signal finding but rather likely points to possible

fluctuations in the data. As a result, it is not considered.

The p-value under the background-only hypothesis, p0, is computed by

p0 =

∫ ∞
q0,obs

f(q0|0)dq0, (9.4)
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where f(q0|0) is the probability density function of q0 under the µ = 0 hypothesis and

q0,obs is the value of q0 at the observed n. In particle physics, the p-value is usually

converted to a significance value, Z, given by

Z = Φ−1(1− p0), (9.5)

where Φ−1 is the inverse of the cumulative distribution of the standard Gaussian and

p0 is equal to the upper tail probability. The value of the significance is interpreted

as the level of deviation of a Gaussian variable from its mean value. Equivalently the

value of Z is interpreted as Z standard deviations (σ) above the mean value. To claim

a discovery, one necessary but arbitrary condition is Z > 5 (or p0 < 2.87 × 10−7).

This means that the probability of fluctuation of background events upwards to the

observed number of events is very low, 2.87 × 10−7. If Z is less than five but larger

than three (p0 = 1.3× 10−3), we say there is an evidence of signal.

9.1.2 The CLs Method

In our analysis, we observed zero events which means no signal excess. In this case,

we can proceed to set an exclusion limit on the cross section of the long-lived particle

production. In the limit-setting procedure, the signal-plus-background hypothesis is

treated as H0 and tested against the background-only hypothesis, H1. For models

with µ ≥ 0, we consider a test statistic q̃µ defined as

q̃µ =

−2lnλ̃(µ) µ ≥ µ̂

0 µ < µ̂
=


−2lnL(µ,θ′(µ))

L(µ̂,θ̂)
µ ≥ µ̂ ≥ 0

−2lnL(µ,θ′(µ))
L(0,θ′(0))

µ̂ < 0

0 µ < µ̂.

(9.6)

Note q̃µ is set to 0 for µ < µ̂, because the data with µ̂ > µ is not considered to be

less compatible with the hypothesis that predicts the presence of µ. Therefore µ < µ̂

does not go into the rejection region. Generally speaking, a larger q̃µ corresponds to

a worse agreement between data and the µ prediction.

To quantify the agreement, we calculate the p-value under the signal-plus-

background hypothesis. That is,

pµ =

∫ ∞
q̃µ,obs

f(q̃µ|µ)dq̃µ, (9.7)

where f(q̃µ|µ) is the probability density function under the hypothesis µ. If pµ is

below a certain threshold α, then the signal-plus-background hypothesis is regarded
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as excluded at a confidence level of 1 − α. For limit setting, α is often set to 0.05.

Thus the confidence interval [0, µup] at 95% CL can be constructed. The upper limit

µup, which is called the 95% CL upper limit, can be extracted from the point where

pµ = 0.05. This hypothesis test method is called the “CLs+b” method, where CLs+b

is another notation for the p-value pµ, i.e., CLs+b = pµ.

One potential problem of the CLs+b method is that signal models with low sensi-

tivity could be excluded with a probability of α (0.05). This happens when µ � b,

which corresponds to the case where the signal-plus-background hypothesis is al-

most indistinguishable from the background-only hypothesis. When the number of

observed events n has a sufficient downward fluctuation, the µ hypothesis could be

excluded and result in an anomalously low upper limit. This exclusion has a one

in 20 chance of occurring when α is equal to 0.05. In the case of models with low

sensitivity, since if the outcomes predicted with or without µ are identical, it is not

reasonable to reject the µ hypothesis and give preference to the background-only one.

In order not to reject a model with low sensitivity, the “CLs” method [154] is

used. This is method typically adopted for limit setting on ATLAS.

(a) (b)

Figure 9.1: Sketch of the probability density functions of q̃µ under the signal-plus-
background hypothesis (blue) and the background-only hypothesis (red), respectively.
Figure 9.1a shows the case where the signal model has sufficient sensitivity. Figure
9.1b shows the case where the sensitivity to µ is low.

The CLs is defined as a ratio of CLs+b and CLb. That is,

CLs =
CLs+b
CLb

, with CLb =

∫ ∞
q̃µ,obs

f(q̃µ|0)dq̃µ. (9.8)
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The signal-plus-background hypothesis is regarded as excluded if

CLs < α. (9.9)

Figure 9.1 shows a sketch of the probability density functions of q̃µ under the

signal-plus-background hypothesis and the background-only hypothesis, respectively.

CLs+b and CLb correspond to the upper tail areas of the two functions and are labeled

in Figure 9.1a. If a search has low sufficient sensitivity to µ, the two distributions

f(q̃µ|µ) and f(q̃µ|0) are overlap with each other. In this case, CLb gives a small value

that is close to CLs+b and results in a CLs that is larger than α. In this way, the CLs

method prevents from excluding signal models with low sensitivity.

Since CLb is less than or equal to one, to exclude a µ hypothesis, CLs+b derived

in the CLs method has to be smaller than that in the CLs+b method given the same

α. This means that the upper limit µup derived from the CLs method is generally

larger than that derived from the CLs+b method. The CLs method produces more

conservative limits than the CLs+b.

9.2 Results

9.2.1 Expected and Observed Limits

The CLs method is used to derive the upper limits on the signal yield µ. The upper

limit µup is given by

µup = (σ ×B)up · L · εglobal, (9.10)

This expression can be used to set an upper limit on σ × B, which is denoted as

(σ×B)up. In the formula, σ is the production cross section of particle H, B represents

the branching fraction for H → ss assuming 100% branching fraction of s into fermion

pairs, L is the ATLAS Run 2 luminosity and εglobal is the global signal efficiency. The

global signal efficiency takes into account all effects including detector acceptance,

trigger efficiency, vertex reconstruction efficiency, and event selection efficiency.

For scalar boson benchmark samples with mH 6= 125 GeV, upper limits are set

on σ × B. For scalar boson benchmark samples with mH = 125 GeV, upper limits

are set on (σ/σSM)×B, where σSM = 48.61 pb [155, 156, 157] is the SM Higgs boson

gluon-gluon fusion production cross section at QCD next-to-next-to-next-to-leading

order (N3LO) using Higgs boson mass of 125.09 GeV.
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Upper limits are generated using pyhf-v0.6.2 [158, 159] package. The inputs consist

of the number of background events, the background uncertainty and all the signal

uncertainties. Signal uncertainties are combined and constrained by one Gaussian

function. Pseudo-experiments, often referred to as toy ensembles or toys, are used

to sample the distributions of the profile log-likelihood ratio q̃µ under signal-plus-

background and background-only hypotheses, respectively.

Figure 9.2 shows the expected and observed limits for a boson with mH = 125

GeV decaying to long-lived particles that decay in the muon spectrometer. Figures

9.3 – 9.7 show the expected and observed limits for a boson with mH 6= 125 GeV to

displaced hadronic jets. The dashed line represents the expected upper limit, which

assumes that n is equal to b (0.32). The 1σ and 2σ uncertainties for expected limit

is given by the green and yellow bands, respectively. The solid line represents the

observed limit. A summary of the observed limits is shown in Figure 9.8.

The different behaviors of limits of these bench mark samples are correlated with

the kinematics of the LLP decay. Different kinematics correspond to different detector

acceptance, trigger efficiencies and vertex reconstruction efficiencies, which affect the

final limit. In these limit plots, one finds that the lifetime of the minimum limit

increases with the scalar mass. This is due to the fact that scalars with lower boost

need more time to reach the MS.

Table 9.1 summarizes the lifetime ranges excluded by the analysis for branching

fractions B(H(125) → ss) = 10% and 1% for the scalar boson with mH = 125 GeV

decaying into two long-lived scalars. Table 9.2 shows the lifetime exclusion range at

95% for samples with mH 6= 125 GeV assuming σ ×B = 1 pb.

H(125)→ ss Excluded cτs range for s [m]
ms [GeV] B = 1% B = 10%

5 0.08–1.6 0.04–5.9
15 0.18–10.8 0.11–32.9
35 0.48–22.6 0.30–71.3
55 2.1–7.8 0.84–40.2

Table 9.1: Ranges of mean proper lifetime excluded at 95% CL for scalar boson
benchmark models with mH = 125 GeV, assuming production cross-sections equal to
10% or 1% of the SM Higgs boson production cross section.
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(mH , ms) Excluded cτs range [m] (mH , ms) Excluded cτs range [m]
[GeV] σ ×B = 1 pb [GeV] σ ×B = 1 pb

(60, 5) 0.20–1.50 (600, 150) 0.42–68.6
(60, 15) 0.51–11.0 (600, 275) 1.55–40.4
(200, 50) 0.33–47.8 (1000, 50) 0.10–19.7
(400, 100) 0.36–65.8 (1000, 275) 0.65–18.7
(600, 50) 0.13–30.2 (1000, 475) 2.73–33.1

Table 9.2: Ranges of mean proper lifetime excluded at 95% CL for scalar boson
benchmark models with mH 6= 125 GeV, assuming production cross-sections equal to
1 pb.
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Figure 9.2: Expected and observed limits for the 125 GeV boson benchmark samples.
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Figure 9.3: Expected and observed limits for 60 GeV non-SM Higgs boson scalar
benchmark samples.
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Figure 9.4: Expected and observed limits for 200 GeV non-SM Higgs boson scalar
benchmark samples.
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Figure 9.5: Expected and observed limits for 400 GeV non-SM Higgs boson scalar
benchmark samples.
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Figure 9.6: Expected and observed limits for 600 GeV non-SM Higgs boson scalar
benchmark samples.
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Figure 9.7: Expected and observed limits for 1000 GeV non-SM Higgs boson scalar
benchmark samples.
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Figure 9.8: Observed limits for all the H → ss MC benchmark models.



139

9.2.2 Stat-only Limits

Figures 9.9 – 9.14 presents upper limit results considering only the statistical un-

certainties on the number of signal and background events. Table 9.3 shows the

numerical values of limits with full uncertainties calculated at cτs = 5 m. Table 9.4

shows the numerical values of statistics-only limits calculated at cτs = 5 m. Compar-

ison of the statistical-only and statistical plus systematics results shows only a small

difference. This means the two MS vertex search for long-lived particles is presently

limited by statistics.
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Figure 9.9: Expected limits for the 125 GeV boson benchmark samples with no
systematic uncertainties.
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Figure 9.10: Expected limits for 60 GeV non-SM Higgs boson scalar benchmark
samples with no systematic uncertainties.
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Figure 9.11: Expected limits for 200 GeV non-SM Higgs boson scalar benchmark
samples with no systematic uncertainties.
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Figure 9.12: Expected limits for 400 GeV non-SM Higgs boson scalar benchmark
samples with no systematic uncertainties.
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Figure 9.13: Expected and limits for 600 GeV non-SM Higgs boson scalar benchmark
samples with no systematic uncertainties.
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Figure 9.14: Expected limits for 1000 GeV non-SM Higgs boson scalar benchmark
samples with no systematic uncertainties.
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mH ms Obs. Exp. +1σ −1σ +2σ −2σ
[GeV] [GeV]

125 5 0.072 0.074 0.10 0.068 0.17 0.062
125 15 0.0028 0.0028 0.0037 0.0028 0.0054 0.0027
125 35 0.0012 0.0012 0.0016 0.0012 0.0026 0.0012
125 55 0.0077 0.0078 0.011 0.0077 0.018 0.0075

mH ms Obs. Exp. +1σ −1σ +2σ −2σ
[GeV] [GeV] [pb] [pb] [pb] [pb] [pb] [pb]

60 5 6.5 6.6 9.2 6.4 14.8 6.2
60 15 0.34 0.36 0.49 0.34 0.82 0.34
200 50 0.027 0.028 0.038 0.027 0.058 0.023
400 100 0.015 0.015 0.020 0.015 0.030 0.015
600 50 0.034 0.034 0.046 0.034 0.065 0.034
600 150 0.015 0.016 0.021 0.015 0.030 0.015
600 275 0.14 0.15 0.21 0.14 0.37 0.14
1000 50 0.076 0.076 0.10 0.075 0.14 0.073
1000 275 0.024 0.024 0.033 0.024 0.046 0.024
1000 475 0.36 0.38 0.53 0.34 1.1 0.33

Table 9.3: Observed and expected limit with its 1σ and 2σ uncertainty bands calcu-
lated at cτs = 5.0 m. All uncertainties are applied. For samples with mH = 125 GeV,
upper limits are set on (σ/σSM)×B. For samples with mH 6= 125 GeV, upper limits
are set on σ ×B with units of pb.

One may be curious why the −1σ and −2σ bands are absent in the expected limit

plots. This is caused by the Poisson likelihood with close-to-zero background. Figure

9.15 shows the distributions of q̃µ under the signal-plus-background hypothesis and

the background-only hypothesis, with b = 0.32 and statistics-only condition. When

computing the expected limits, the observed number of events n is equal to the

expected number of backgrounds b (0.32), which corresponds to the dashed line. The

rightmost bin corresponds to n = 0. Due to the discreteness of the distribution shown

in the figure, there is no q̃µ distributed in the region [0, 0.32]. Therefore, when n varies

between 0 and 0.32, the p-value pµ stays as a constant, which means that pµ does not

have a downward variation. Thus, the −1σ and −2σ variations on the expected limit

disappear.
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mH ms Obs. Exp. +1σ −1σ +2σ −2σ
[GeV] [GeV]

125 5 0.071 0.072 0.094 0.071 0.13 0.069
125 15 0.0028 0.0028 0.0036 0.0027 0.005 0.0027
125 35 0.0012 0.0012 0.0016 0.0012 0.0022 0.0012
125 55 0.0075 0.0075 0.0098 0.0074 0.013 0.0073

mH ms Obs. Exp. +1σ −1σ +2σ −2σ
[GeV] [GeV] [pb] [pb] [pb] [pb] [pb] [pb]

60 5 6.5 6.5 8.5 6.4 11.7 6.3
60 15 0.34 0.34 0.45 0.34 0.62 0.33
200 50 0.027 0.027 0.036 0.027 0.049 0.027
400 100 0.015 0.015 0.020 0.015 0.027 0.015
600 50 0.034 0.034 0.045 0.034 0.062 0.033
600 150 0.016 0.016 0.021 0.015 0.028 0.015
600 275 0.14 0.14 0.18 0.14 0.25 0.14
1000 50 0.077 0.077 0.10 0.076 0.14 0.075
1000 275 0.024 0.024 0.032 0.024 0.044 0.024
1000 475 0.32 0.32 0.42 0.32 0.57 0.31

Table 9.4: Stat-only observed and expected limit with its 1σ and 2σ uncertainty
bands calculated at cτs = 5.0 m. For samples with mH = 125 GeV, upper limits are
set on (σ/σSM)×B. For samples with mH 6= 125 GeV, upper limits are set on σ×B
with units of pb.
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Figure 9.15: The distributions of q̃µ under the signal-plus-background hypothesis,
f(q̃µ|µ), and the distribution under the background-only hypothesis, f(q̃µ|0). The
systematic uncertainty is not applied. The dashed line corresponds to the q̃µ obtained
by assuming n = b (0.32). The distributions are generated at µ = 3.0.
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CHAPTER 10

Conclusion

10.1 Summary of the Analysis

Searching for new long-lived particles is one of the directions that aim to explore

for the new physics that is not predicted by the Standard Model (SM). This thesis

presents an analysis that searches for two displaced vertices in the ATLAS muon

spectrometer. The analysis uses proton-proton collision data collected at a center-of-

mass energy of 13 TeV with an integrated luminosity of 139 fb−1.

The benchmark model that is compared to data is the Hidden Sector model, which

provides a scenario where two long-lived neutral scalars can be produced via a Higgs

portal and then decay to SM fermions. This search is sensitive to a broad range of

LLP decay modes, including bb̄, cc̄ and τ+τ−. The cτs sensitivity of this search ranges

from a few centimeters to an order of 100 meters depending on the LLP mass.

In the analysis, the Muon RoI Cluster trigger, seeded by the L1 muon RoIs, is

used to select the events of interest. In the signal Monte Carlo (MC) simulation,

there exists a mismodelling of the trigger, which potentially can be propagated from

the mismodelling of L1 muon RoIs. To correct the mismodelling, a SM multi-jet

simulation is compared to the data using the distribution of the muon RoIs in a

cone around punch-through jets. In the barrel (endcaps), the data have 24% (20%)

more muon RoIs than in MC simulation. This difference is taken as a systematic

uncertainty to the signal trigger efficiency.

Signal events can lead to displaced vertices in the muon spectrometer. In order

to reconstruct these vertices, a tracklet-finding technique and a dedicated standalone

reconstruction algorithm are used. The mismodelling of tracklets is estimated by com-

paring the multi-jet MC with data using the tracklet distribution in a cone around

punch-through jets. The number of tracklets in the jet cone is found to be 20% larger

in the MC compared to the data in the barrel, and 25% larger in the endcaps. To

correct for this, the number of tracklets is scaled down according to these fractions by

randomly removing tracklets from the signal samples. The vertex reconstruction al-

gorithm is rerun after the tracklet removal procedure. Another method that performs

bin-by-bin reweighting on the tracklet distribution is used to provide a cross-check.
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The difference between the scale factors derived by these two methods is used as a

systematic uncertainty.

The main background in the signal region are vertices produced from punch-

through jets. This background is significantly reduced by requiring the MS vertex

to be isolated from calorimeter jets and Inner Detector tracks. The remaining back-

ground arises from a combination of remaining punch-through jets and non-collision

hits. This background is estimated by a data-driven method using both main stream

and zero-bias stream data. The zero-bias data are reweighted to have the same pileup

profile as the main stream data, and are used to calculate the probability to create

a MS vertex from background events. The total number of background events in the

signal region is estimated to be 0.32 ± 0.05. The background estimation method is

validated in an orthogonal region. Due to the good validation result, no systematic

uncertainties are added to the background. The analysis is unblinded after back-

ground validation and zero data events are observed in the signal region.

To estimate the expected number of signal events at different LLP proper lifetimes,

a toy MC method that uses an LLP sample produced at generator level and applies

the appropriate trigger efficiency and vertex reconstruction efficiency is employed.

This method is improved from the one used by the 2015-2016 analysis and gives a

more accurate estimation of the number of expected signal events with reduced sta-

tistical uncertainty and reduced extrapolation systematic uncertainty. This method

is validated by checking the outputs of the signal efficiency from two signal samples

generated at different lifetimes and a good closure is seen between these samples.

With no excess observed in the signal region, a 95% confidence level (CL) limit

is evaluated for each benchmark MC sample using the CLs method with the profile

log-likelihood ratio test statistic. For samples with mH = 125 GeV, upper limits

are derived for the branching fraction B of the H → ss process. The 95% CL

exclusion ranges for the LLP proper lifetimes cτs are given at B = 1% and B = 10%,

respectively. The branching fraction above 10% are excluded for cτs from about 4 cm

to about 71.3 m depending on the LLP masses. In the 2015-2016 analysis, the cτs

exclusion range at B = 10% given by the MS two-vertex search for benchmark sample

with mH = 125 GeV and ms = 5 GeV is [0.06, 4.39], whereas the corresponding

exclusion range using 139 fb−1 data is [0.04, 5.9]. The improvement on the limits

mainly benefits from the increase of the integrated luminosity.

For samples with mH 6= 125 GeV, the upper limit is set on the cross section of

H → ss production. All the signal samples show a sensitivity to a cross section that
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is less than 1 pb within a certain cτs range. The cross section above 1 pb can be

excluded for cτs as small as 0.13 m and as large as 68.6 m depending on the masses.

10.2 Future Work

The LHC Long Shutdown 2 scheduled from 2019 to 2021 gives the ATLAS detector a

chance to upgrade its tracking, calorimeter and muon system in order to prepare for

the upcoming LHC Run 3 data-taking period. In Run 3, the center-of-mass energy

of proton-proton collision will be upgraded to 14 TeV and approximately 300 fb−1 of

integrated luminosity of collision data is expected to be collected. For the MS two-

vertex search, there are some aspects that can be considered to improve the overall

Run 3 analysis:

• The detector fiducial region 0.7 < |η| < 1.3 in the MS is removed from the anal-

ysis. If the vertices in this region can be properly reconstructed, an improved

signal efficiency and increased statistics in the signal region can be obtained. To

achieve this goal, an algorithm that can reconstruct vertices from tracklets in

both barrel and endcap chambers is needed. Since the barrel and the endcaps

use completely different strategies to reconstruct vertices, one can imagine it

would be difficult to build an algorithm connecting these two regions. This may

be the task that requires the largest effort in the future analysis.

• There are MC mismodellings of the muon RoIs and tracklets that are not un-

derstood in the current analysis. One possible source for the mismodelling may

be the cosmic ray muons or cavern background, which is a mixture of prompt

particles from recent proton collisions. These backgrounds are not well modeled

by the simulation and may therefore contribute to the difference between the

data and MC.

Another possible source may be related to a poor understanding of punch-

through jets, since the mismodelling estimation is based on muon RoIs and

tracklets in a punch-through jet cone. In the analysis, the punch-through jet is

required to be associated with at least 50 muon segments. However, by varying

the number of associated muon segments, the mismodelling factor could change

accordingly. In the future analysis, it would be better to find a “standard” way

that defines a punch-through jet. Punch-through jets are not well modeled in
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the MC and also need additional study. To reduce the systematic uncertainties

due to mismodelling, more studies will be needed in the Run 3 analysis.

• The toy MC lifetime extrapolation method generally behaves well for the anal-

ysis, but it also has a limitation. This method assumes that in the signal region

each of the two vertices is reconstructed independently. This assumption could

fail when the two LLPs are not well separated and have wide decays. This hap-

pens when the mass of LLP becomes large. For example, we see a larger extrap-

olation systematic uncertainty for the sample with the sample with mH = 1000

GeV and ms = 475 GeV. In this sample, the two vertices may be correlated

and thus the toy MC method does not provide a good estimation. A correction

that compensates for the correlation effect needs to be considered.

Searching for one MS displaced vertex is another topology that can be applied

to the H → ss process. The probability to have two LLPs with longer or shorter

lifetimes decay inside the MS detector region is increasingly smaller compared to the

one LLP case. Thus, the one-vertex search would be sensitive to a wider range of

LLP proper lifetimes. The combination of one-vertex and two-vertex search will give

rise to a much improved limit.

The one-vertex search using 139 fb−1 data is an ongoing analysis. The baseline

selection includes: events pass GRL and event cleaning; events have a good primary

vertex with at least two tracks; events pass the Muon RoI Cluster trigger; events have

only one MS vertex reconstructed in the barrel (|η| < 0.7) or endcaps (1.3 < |η| < 2.5).

The expected number of background can be estimated by the ABCD method. The

ABCD method depends on two uncorrelated variables that can discriminate the signal

from background. By selecting an appropriate region for each of these two variables,

one can define a region A rich in signal events, and three control regions B, C and D

on an ABCD plane with the two variables forming the X and Y axes. The number

of background events in region A can be estimated from the number of events in the

other three regions.

One of the main tasks is to find the two uncorrelated variables. One of the

variable is chosen to be the minimum ∆R between the MS vertex and jets, and the

MS vertex and tracks, min(∆R(vertex, jet),∆R(vertex, track)), which provides an

extremely good signal separation from the punch-through jets. The other variable

will be determined by a multivariate technique. The Boost Decision Tree (BDT) is

likely to be the choice as it shows a good signal acceptance and background rejection.
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Currently, the BDT is trained on a set of input variables including detector hits

(nMDT, nRPC, nTGC), the mean and RMS value of ∆R between the MS vertex

and tracklets, the mean and RMS value of ∆R between the MS vertex and muon

segments. These input variables are chosen to be uncorrelated to the jets or tracks,

so that the BDT output is independent from the other ABCD variable.

Once two ABCD variables are determined, studies are needed to check if there are

other backgrounds in the ABCD plane besides the punch-through jet background.

This is because the ABCD method relies on there being only one source of back-

ground, or multiple sources that have identical behavior in the ABCD plane. If the

contribution from other backgrounds is negligible, then the defined ABCD plane needs

to be validated using a separate validation region rich in background and comparing

the expected number of events with the observed one. Once the method for determin-

ing background is validated, the analysis can be unblinded. The baryogenesis model

described in Section 2.2.2 will be included besides the Hidden Sector model.

The plan for the one-vertex search is to be combined with the two-vertex search. If

no excess is found in the one-vertex signal region, a combined limit will be given. From

the two-vertex search, the 95% CL upper limit of the branching fraction of the SM

Higgs boson to long-lived scalars reaches 1% for all of the benchmark samples and even

0.1% for some of the samples. However, the cτs exclusion ranges for these branching

fractions are about O(10 m) or even less. A wide range of LLP lifetime is not strictly

constrained by the MS search. As a result, there are still many opportunities to

search for the LLP productions via the Higgs portal in other ATLAS detector regions

and the CMS detector, or other future detectors designed for the LLP search like

MATHUSLA [160].
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