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Abstract

We have searched for physics beyond the standard model of elementary particles in proton-

proton collisions with a final state containing a Z boson and invisible particles. In 2012, a

new particle was discovered at a mass of 125 GeV/c2 by the ATLAS and CMS experiments

at the CERN Large Hadron Collider (LHC). Subsequent measurements have shown that the

particle possesses the properties consistent with the Higgs particle predicted by the standard

model. However, it remains to be seen whether it indeed is the Higgs particle of the standard

model.

The standard model has been highly successful in explaining almost all experimental

results. However, few think it is the ultimate theory of elementary particles, and it is generally

believed that at least some kind of extension is necessary. For example, we know dark matter

exists in the universe, but we do not know its particle nature, or the standard model does not

account for it. Theoretically, many are unsatisfied with the fact that the electroweak scale is

1016 times smaller than the Planck scale, which leads to an enormous quantum corrections

to the Higgs boson mass due to virtual particles in the loop. One of the urgent tasks of

experimental particle physics after the Higgs boson discovery is to obtain a clue to possible

extensions of the standard model and to search for new particles and phenomena.

At the LHC experiments, dark matter particles cannot be directly detected. However, they

can be inferred from a momentum imbalance measured in the plane transverse to the beam

axis. We call it the “missing transverse momentum”. The missing transverse momentum can

also be used to infer neutrinos, which do not leave detectable signals in the detector, either.

Searches using the Z boson and the missing transverse momentum in the final state have clean

signature with relatively low background, and provide a means to address comprehensively

the issues mentioned above. To be specific, we have performed the following three searches:

(1) new heavy particle resonances decaying to the ZZ → ℓℓνν final state; (2) the decay of

the 125 GeV/c2 Higgs boson to invisible particles in the production channel pp → ZH with

Z → ℓℓ; and (3) production of dark matter particles in association with a Z boson with

Z → ℓℓ. The ZZ transverse mass distribution is examined in search (1), while the missing

transverse momentum distributions are examined in searches (2) and (3).

The analysis has been performed using proton-proton collisions at a center-of-mass energy

of 13 TeV corresponding to an integrated luminosity of 13.3 fb−1 collected with the ATLAS

detector at the LHC. No significant deviations from the standard model expectations are ob-

served. We thus have placed constraints on new physics effects. For the new heavy resonance

search, we have set upper limits on the production cross section of a bulk Randall-Sumdrum

graviton, and the masses smaller than 1.03 TeV are excluded at the 95% confidence level (CL).

An upper limit is also set on the branching fraction of the Higgs boson decays to invisible

particles to be 98.2% at the 95% CL. Finally exclusion limits are placed on the dark matter

production through a vector mediator in a 2-dimensional phase space of dark matter and

mediator masses.
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Chapter 1

Introduction

Particle physics describes fundamental structure of matter. The Standard Model has been

believed to be the best model in particle physics for more than forty years, and continuously

confirmed by many experiments. In 2012, a Higgs boson, the last missing piece of the standard

model, was discovered in the ATLAS and CMS experiments [2, 3].

However, the experimental facts and the unnatural issues, which can not be explained by

the Standard Model, exist, e.g. the existence of dark matter and the hierarchy problem. The

hierarchy problem is the question that asks why the electroweak scale is 1016 times smaller

than the Planck scale, and enormous quantum corrections are in effect on the Higgs boson

mass from the virtual effects. Therefore, the Standard Model has a potential to be extended

to describe such mysteries. One of the next biggest tasks of experimental particle physics is

to obtain a clue to the extension of Standard Model to explain these experimental facts and

unnatural points.

This thesis reports the results of searches for physics beyond the Standard Model using a

Z boson and invisible particle final states obtained by the ATLAS detector in pp collisions at√
s = 13 TeV. Invisible particle means a particle which can not be detected with the detector.

The Z boson and invisible particle final state has a relationship to various new physics models,

and can shed light on the existence of dark matter and the hierarchy problem. The following

sections briefly describe the theoretical and experimental background and the targets of these

searches.

1.1 The Standard Model

This world consists of fermions, gauge bosons and the Higgs boson. The gauge bosons, which

have integer spin in unit of h̄ and follow the Bose-Einstein statistics, mediate the interactions

between particles. Fermions, which have half-integer spin and are governed by the Fermi-

Dirac statistics, constitute matter. The Higgs boson, which is a spin-0 particle, gives masses

to all the particles.
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The list of observed particles is shown in Figure 1.1. Three kinds of gauge bosons carry

different interactions respectively. The photon carries the electromagnetic force and couples

to all particles which have electromagnetic charge. The gluon is the mediator of the strong

interaction, and couples to all particles which have color charge. Since the gluon also has

color charge, it can interact with itself. The W± and Z bosons mediate the weak interaction.

They have large masses, while the photon and the gluon have zero mass. The W± boson

has the electromagnetic charges of ± 1, and carries the weak charged current. The Z boson

does not have the electromagnetic charge, and carries the weak neutral current. The fermions

are grouped into quarks and leptons, and come in three generations. The first generation

particles constitute ordinary matter, namely the proton and the neutron. The second and

third generation particles have higher masses than the first generation particles and are not

stable decaying into first generation particles. The quarks feel the strong interaction due to

having a color charge in addition to the electromagnetic charge. However, the leptons do not

have a color charge.

Figure 1.1: List of observed particles[1].
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The Standard Model is a gauge theory based on the symmetry group SU(3)C ×SU(2)L×
U(1)Y , and describes the interactions between quarks and leptons via the force carriers. The

Standard Model is based on the Glashow-Weinberg-Salam electroweak theory in SU(2)L ×
U(1)Y and the QCD gauge theory in SU(3)C . The Glashow-Weinberg-Salam electroweak

theory unifies the electromagnetic and weak interactions. The QCD gauge theory describes

the strong interaction among quarks. The electroweak gauge symmetry (SU(2)L ×U(1)Y ) is

broken spontaneously to the electromagnetic subgroup (U(1)em). The following subsections

describe the Standard Model in more detail.

1.1.1 An Abelian gauge theory

The theory of the electromagnetic interaction is called Quantum Electrodynamics, and is an

Abelian gauge theory with the symmetry group U(1). This section describes the Abelian

gauge theory.

The Lagrangian of the free Dirac fermion is written as

L0 = iψ̄(x)γµ∂µψ(x)−mψ̄(x)ψ(x), (1.1)

where ψ is a bi-spinor field of the fermion and m is the fermion mass. Here let us consider

the Lagrangian under the U(1) gauge transformation

ψ(x) → ψ′(x) = eiα(x)ψ(x), (1.2)

where α is a function of x = (t, ~r). This transformation is a phase shift, and is classed as

a one-dimensional unitary transformation U(1). The Lagrangian is not invariant under the

above gauge transformation due to the additional term i∂µα(x). A new spin-1 field Aµ(x) is

introduced to keep the gauge invariance. Then new Lagrangian is written as follows :

L = iψ̄(x)γµDµψ(x)−mψ̄(x)ψ(x) (1.3)

= iψ̄(x)γµ(∂µ + ieAµ(x))ψ(x)−mψ̄(x)ψ(x) (1.4)

Dµ = ∂µ + ieAµ(x), (1.5)

and Aµ is also transformed under the gauge transformation as follows :

Aµ → A′
µ(x) = Aµ − 1

e
∂µα(x). (1.6)

Adding the new fields, the Lagrangian becomes

L = L0 − eAµ(x)ψ̄(x)γ
µψ(x). (1.7)

The Lagrangian is now an invariant under the U(1) gauge transformation since the additional
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term i∂µα(x) is canceled. Here, the new interaction term in Eq. (1.7) is written as −jµAµ,

where jµ is the Noether current.

Furthermore the kinetic term of the gauge field Aµ should be added to the Lagrangian.

The kinetic term should be also formed to be the gauge invariant under the U(1) gauge

transformation. The kinetic term of the gauge field can be written as

LKinetic = −1

4
Fµν(x)F

µν(x), (1.8)

where Fµν = ∂µAν−∂νAµ is the gauge field strength tensor. The Lagrangian is finally written

as the following equation :

Lfin = iψ̄(x)γµDµψ(x)−mψ̄(x)ψ(x)− 1

4
Fµν(x)F

µν(x). (1.9)

With this Lagrangian, the Euler-Lagrangue equation is given as follows :

∂µF
µν = eψ̄(x)γνψ(x). (1.10)

This is the well-known Maxwell equation. Here an additional field Aµ describes the electric

scalar potential (ν = 0) and the magnetic vector potential (ν = 1, 2, 3).

1.1.2 Yang-Mills gauge theory

This section describes non-Abelian gauge theory. The strong interaction, which explains the

interaction between quarks and gluons, is described by a non-Abelian SU(3) gauge theory.

Basically the reason why the gauge fields are introduced is the same as the Abelian gauge

theory. The Lagrangian is written as

L =
∑

f

q̄f (iγ
µDµ −mf )qf − 1

4
F a
µνF

aµν , (1.11)

where q is the quark field and f denotes a flavor state and mf is a mass of quark. The field

strength is also changed to keep the gauge invariance under SU(3) gauge transformation :

Dµ = ∂µ − igs

(

λa

2

)

Aa
µ (1.12)

F a
µν(x) = ∂µA

a
ν(x)− ∂νA

a
µ(x) + gsfabcA

b
µA

c
ν . (1.13)

Here, gs is the strong coupling constant, Aa
µ is the gluon field (a = 1, ...8) and fabc is the

structure constant of the group.
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1.1.3 Glashow-Weinberg-Salam theory

The weak interaction seems to be described by an SU(2) gauge invariance since two particles

within the same generation are transformed to each other. However, the mass term m2AµA
µ

is not gauge invariant as the Z boson and the W boson have masses. The Glashow-Weinberg-

Salam theory can describe the experimental observations under unified interpretation of the

weak and electromagnetic interactions. This subsection explains the Glashow-Weinberg-Salam

theory. The Glashow-Weinberg-Salam theory is based on the gauge group SU(2)L × U(1).

Here, the subscript L is attached since the SU(2) affects on the left-handed components,

meaning the current of the weak interaction being left-handed. In addition, neutrino is only

left-handed. Thus we have to consider the gauge transformation differently for the left-handed

and right-handed components.

In this case, the Lagrangian is written as

L = iψ̄Lγ
µ

(

∂µ +
ig′

2
BµY +

ig

2
Wµ · σ

)

ψL+iψ̄Rγ
µ

(

∂µ +
ig′

2
BµY

)

ψR−
1

4
Wµν ·Wµν−1

4
BµνB

µν

(1.14)

ψL =

(

νL
lL

)

=

(

1
2(1− γ5)ψν
1
2(1− γ5)ψl

)

, ψR =
1

2
(1 + γ5)ψl (1.15)

Bµν = ∂µBν − ∂νBµ (1.16)

Wµν = ∂µWν − ∂νWµ − gWµ ×Wν , (1.17)

where Wµ and Bµ are the SU(2) and U(1) gauge fields, respectively. Y is a generator of U(1)

Lie algebra defined as Q = T 3 + Y
2 . g and g′ are the SU(2) and U(1) coupling constants

between gauge fields and fermions. Wµ and Bµ are massless at this point to keep the gauge

invariance.

We introduce the BEH (Brout-Englert-Higgs) mechanism to explain the W and the Z

masses while keeping the gauge invariance.

In the BEH mechanism, a complex scalar field φ(x) is introduced. φ(x) is defined as

follows :

φ(x) =

(

φ+
φ0

)

=

(

φR+ + iφI+
φR0 + iφI0

)

. (1.18)

Here, the complex scalar field is subjected to the same gauge transformation as the lepton

doublet ψL where φ+ and φ0 construct on SU(2) doublet. Thus, the Lagrangian of the scalar

field is written as the following equation with requiring gauge invariance :

LHiggs = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2 (1.19)
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Dµ = ∂µ +
ig′

2
BµY +

ig

2
Wµ · σ. (1.20)

The first term and the other terms in the Lagrangian describe kinetic energy and potential

energy, respectively. If the potential energy term is expanded with Eq. (1.18), it is written as

follows :

V (φ) =
1

2
µ2[(φR+)

2+(φI+)
2+(φR0)

2+(φI0)
2]+

1

4
λ[(φR+)

2+(φI+)
2+(φR0)

2+(φI0)
2]2. (1.21)

Here, Figure 1.2 shows the potential energy term regarding (φR+)
2+(φI+)

2+(φR0)
2+(φI0)

2

as a function Φ. The shape of the potential energy is characterized by the sign of µ2. For

|Ψ|

 > 02µ
 < 02µ

Figure 1.2: The potential of additional scalar field

µ2 > 0 the stable point is at Φ = 0. However, for µ2 < 0 Φ = 0 point is not stable. In the

case of µ2 < 0 the stable point v is
√

−µ2

λ
. To understand the Lagrangian around the stable

point of potential energy v, the following φ definition is useful (Lorentz gauge) :

φ(x) =
1√
2

(

0

v + η(x)

)

. (1.22)

Here, η(x) is the unique degree of freedom of the φR0, called Higgs field. The potential energy
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and the kinetic energy terms are written as follows with the above definition :

Lkinetic =
1

2

(

gv

2

)2 (

W+µW−
µ +W−µW+

µ

)

+
1

2

(
√

g2 + g′2v

2

)2

ZµZµ + (terms of η)(1.23)

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), Zµ =

gW 3
µ − g′Bµ

√

g2 + g′2
(1.24)

Lpotential = −1

4

µ4

λ
− µ2η2 + λvη3 +

1

4
λη4. (1.25)

Here, when new fieldsW±
µ and Zµ are defined using gauge fieldsWµ and Bµ, Lkinetic means the

mass terms of new fields W±
µ and Zµ. W

±
µ and Zµ masses are gv

2 and

√
g2+g′2v

2 , respectively.

If Eq.(1.14) is written using new fields W±
µ and Zµ, the weak interaction can be found the

W±
µ and Zµ bosons to be the force carriers. The second term of Lpotential (−µ2η2) suggests

that new Higgs field η has a mass Mη =
√

−2µ2.

The BEH mechanism predicts a new Higgs boson. Thus the Higgs boson has been searched

all over the world for a long time. In 2012, the Higgs boson was discovered, and the Glashow-

Weinberg-Salam theory was perfectly proved. Figure 1.3 shows the invariant mass distribution

of h → γγ. Figure 1.4 shows the local p0 value in the combined h → ZZ∗ → 4ℓ, h → γγ

and h → WW∗ → eνµν channels with the amount of the data collected in 2011 and 2012 of

4.6-4.8 fb−1 and 5.8-5.9 fb−1 at the center-of-mass energy 7 TeV and 8 TeV. The observation,

which has a significance of 5.9 standard deviations, corresponding to a background fluctuation

probability of 1.7 ×10−9, is compatible with the production and decay of the Standard Model

Higgs boson.

1.2 Mysteries in the universe

The Standard Model has been examined to every details, resulting what it describes all

correctly. However, there exists experimental observations that are not described by the

Standard Model. For example, the existence of dark matter. Furthermore, the Higgs boson

mass receives enormous quantum corrections from the virtual effects of every particles. Thus

many theories have been proposed to deal with the dark matter and to avoid Higgs boson

enormous quantum corrections. This section describes these experimental observations and

the current leading models.
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Figure 1.3: Invariant mass distribution of diphoton candidates for the combined
√
s = 7 TeV

and
√
s = 8 TeV data samples. The result of a fit to the data of the sum of a signal component

fixed to mH = 126.5 GeV and a background component described by a fourth-order Bernstein
polynomial is superimposed. The bottom inset displays the residuals of the data with respect
to the fitted background component[2].
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1.2.1 Experimental observations of dark matter

Dark matter is necessary to explain some experimental observations, which is massive to feel

gravitational force but no the electromagnetic nor strong interactions.

The most convincing evidence for dark matter is the rotating velocities of galaxies mea-

sured as a function of the radius from the galactic cluster center. Figure 1.5 shows the observed

rotation curve at NGC 6503 spiral galaxy from Ref. [4]. The rotation velocity is written as

v2 = M(r)G
r

by Kepler’s law. Here, G is the gravitational constant. The contribution from

visible matter was like luminous (dashed line). However, the observed rotation curve exhibits

a flat behavior at large distance. This result implies that invisible matter, which can not be

observed with the electromagnetic interaction, distributes uniformly in the galaxy.

Figure 1.5: Three-parameter dark-halo fits (solid curve) to the rotation curve of NGC6503.
The rotation curves of the individual components are also shown : the dashed curve is for the
visible components, the dotted curve for the gas, and the dash-dot curve for the dark halo.[4]

Another evindence for dark matter is shown via the gravitational lensing effect as described

by the general relativity. The path of a light ray is bent due to massive matter since matter

can curve the spacetime in the general relativity. This effect is called the gravitational lensing.

Figure 1.6 shows the image of the Abel2218 cluster taken by NASA/ESA. The real galaxies do

not have such projected shapes. However, the shape is distorted by the gravitational lensing

effect. This result involves the evindence of large massive matter that can not be seen by the

electromagnetic interaction.
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Figure 1.6: Image of the galaxy cluster Abel2218.

The third experimental evindence is from the result of the cosmic microwave background

measurement. After the Big Bang, the universe was filled with an very dense plasma of charged

particles and photons. The plasma went through an initial rapid expansion, and was cooled

for about 380,000 years until the time of recombination in the Big Bang cosmology[6]. At

this time, neutral atoms were formed, and the photons below certain energy were able to pass

through the universe without any interruption from charged particles. Today, these photons

have a thermal black body spectrum at a temperature of 2.7 K, and are known as the Cosmic

Microwave Background. The CMB has an information of the composition of the universe

because it represents the distribution at the point when the decoupling occurred in the early

universe. The CMB measurement shows that the fluctuation of the baryon density only in

the early universe was not enough to reproduce the present observation of large structure in

the galaxy distribution. WMAP (Wilkinson Microwave Anisotropy Probe) was launched in

2001 with the mission to precisely measure the anisotropies in the CMB. The satelite is able

to detect temperature variations as small as one millionth of a degree and know the total

and baryonic matter desnsities [5]. The total and baryonic matter densities are measured as

follows :

Ωmh
2 = 0.1334+0.0058

−0.0055 (1.26)

Ωbh
2 = 0.02260± 0.00053, (1.27)

where Ωmh
2 is the total matter density, and Ωbh

2 is the baryonic density. The observation

shows that these two numbers are different. This difference implies the existence of dark

matter, and its density is Ωdmh
2 = 0.1123± 0.0035.
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1.2.2 Mystery of Higgs boson mass and super symmetry model

It is believed that the mass of the Higgs boson of 125 GeV implies the existence of new physics.

This section describes the reason why Higgs boson mass implies new physics, and explain the

most popular theory for understanding strange Higgs mass of 125 GeV.

The Higgs boson mass of the Standard Model is affected by the quantum corrections from

the virtual effects of every particle. The quantum corrections is written as Eq. (1.28)

M2
Higgs =M2

bare +∆M2
Higgs, (1.28)

where M2
Higgs, M

2
bare and ∆M2

Higgs are the observed mass squared, mass without the quantum

correction and term of quantum correction, respectively. For example, Figure 1.7a shows an

example of the quantum correction to M2
Higgs from a loop containing a Dirac fermion. The

Figure 1.7: One-loop quantum corrections to the Higgs boson mass : (a) is for a dirac fermion
f , and (b) is for a scalar particle S.

quantum correction for the Dirac fermion is written as

∆M2
Higgs,fermion = −|λf |2

8π2
Λ2
UV + · · · , (1.29)

where λf is a coupling strength between the Higgs boson and the Dirac fermion, and ΛUV is

an ultraviolet momentum cutoff that is an energy scale at which the Standard Model can not

be applied. The problem is that the quantum correction to the squared Higgs mass is some

30 orders of magnitude larger than the required value of M2
Higgs = O(100GeV )2 if ΛUV is of

order the Plank scale MP = 2.4× 1018 GeV. This problem is called the fine-tuning problem.

The most popular solution of the fine-tuning problem is a super symmetry that is a

symmetry relating boson and fermion. The SuperSymmetry requires that all the Standard

Model particles have a superpartner. The superpartner has the spin of which differs by a

half-integer of the Standard Model particles. If a superpartner has the same mass with the

Standard Model particles (λf = λS), the quantum correction by a superpartner is written as
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:

∆M2
Higgs,fermion partner = 2× |λf |2

16π2
Λ2
UV + · · · . (1.30)

If the superpartner exists in addition to the Standard Model particles, the fine-tuning problem

is solved since Eq. (1.29) and Eq. (1.30) are canceled.

Figure 1.8 shows the list of particles of Minimal Supersymmetric Standard Model (MSSM)

that is the simplest super symmetric model. In the super symmetry, two Higgs doublets are

needed. Thus some other Higgs bosons exist in addition to the Standard Model Higgs boson.

In addition, lightest stable particle neutralino, which is a mixed state of the bino, the neutral

wino and the neutral higgsino, is present. The neutralino is considered to be the dark matter

candidate.

Figure 1.8: List of particles in the MSSM.

1.3 Searches using the Z boson and missing transverse mo-

mentum final states

In this thesis, results of three analyses that are shed light on the above mysteries are pre-

sented. Three searches are the search for heavy resonance decaying to ZZ pairs, the search

for Higgs boson decaying to invisible particles and the search for dark matter produced in

association with a leptonically decaying Z boson. The final states of the two searches are the

same, namely ℓℓ + invisible particles, and the three analyses are illustrated by the common

background estimations. With the ATLAS detector, we can use an imbalance in transverse
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Table 1.1: The branching fraction of the Z boson decay

Particles Branching ratio

Neutrinos (all) 20.00 ± 0.06 %

eē 3.363 ± 0.004 %

µµ̄ 3.366 ± 0.007 %

τ τ̄ 3.367 ± 0.008 %

Quarks (all) 69.91 ± 0.06 %

momentum sum as an information of invisible particle. Thus, we define missing momentum

in the transverse plane, called ”missing transverse momentum”(MET, Emiss
T ). This section

describes the motivation of these three searches.

1.3.1 Search for the ZZ resonance

The Standard Model can be now regarded as an established theory to explain various behavior

of elementary particles. However, some extensions to the Standard Model are required to

exlpain unresolved problems such as dark matter, the hierarchy problem, the neutrino mass

and so on (see section 1.2). Many theories are proposed to explain these problems, and suggest

the existence of additional heavy resonance with properties similar to recently discovered Higgs

boson. The two-Higgs-doublet-model(2HDM)[7], which is assumed in the MSSM, is one of

the popular models. The 2HDM predicts the existence of an additional heavy Higgs boson

decaying to two on-shell Z bosons. Thus we have searched for an additional heavy Higgs

bosons decaying to the ZZ pair.

The Z boson decays into a fermion and its antiparticle. The list of branching ratio is shown

in Table 1.1. The branching fraction of the Z boson decay differs substantially among the

kind of particles due to the mixing between SU(2) and U(1) couplings. In the case of the ZZ

resonance analysis, ZZ → ℓℓ̄νν̄ decay channel, where one of Z boson decays to two charged

leptons and the other Z boson decays to two neutrinos, provides complementary sensitivity,

as shown in Figure 1.9[8], because ℓℓ+ νν channel has the larger branching fraction than 4ℓ

channel, and cleaner event topology than ℓℓ̄qq̄ and νν̄qq̄.

Thus we chose the H → ZZ → ℓℓ̄νν̄ channel. Since the neutrino can not be detected

with the ATLAS detector, the final objects in the analysis are two charged lepton and a large

missing transverse momentum. Figure 1.10 shows the Feynman diagram of the signal in this

analysis.

An advantage of this resonance search is that a comprehensive search is possible for a new

heavy particle regardless of the physics model under examination. In the current accumulation

of experimental data, we do not have a definite clue how to extend the Standard Model.

Thus the resonance search is a very useful way to approach new physics. Furthermore, the
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Figure 1.9: 95% upper limit on σ × BR(H → ZZ) as a function of mH in Run-1 ATLAS
analysis in Ref.[8]. The solid black line and points indicate the observed limit. The dashed
black line indicates the expected limit and the bands the 1-σ and 2-σ uncertainty ranges about
the expected limit. The dashed colored lines indicate the expected limits obtained from the
individual searches; for ℓℓqq and ννqq searches, only the combination of the two is shown as
they share control regions.

Figure 1.10: Feynman diagram of high mass Higgs boson production and decay.
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cross section of high-mass particles has been drastically increased because the LHC has been

operated at the center-of-mass energy increased to 13 TeV from 8 TeV since May 2015.

Figure 1.11 shows the ratio of LHC parton luminosities at the two center-of-mass energies,

where Mx is the mass of new particle [9].

Figure 1.11: The ratios of LHC parton luminosities[9].

Using the same final state, limits are also set on the production of a spin-2 Kaluza-

Klien(KK) graviton. The KK graviton is expected in the Randall-Sundrum(RS) framework

with a warped extra dimension(RS1) [10].

1.3.2 Search for Higgs decaying to invisible particles

Many direct detection experiments of dark matter are in operation in the world. Dark matter

has not been directly observed although many indirect experimental evidences have been

confirmed. The idea of direct detection experiment is based on the observation of the dark

matter elastic scattering with nuclei in the detector. The expected energy of nuclear recoils

induced by the dark matter interactions is in the range from several keV to several hundreds

keV depending on the dark matter mass and the atomic number of the detector. A summary

on the limit of direct detection experiment is shown in Figure 1.12 [11].

The Higgs portal model[12] can explain why dark matter is not discovered directly so

far. In the Higgs portal dark matter scenario, dark matter is coupled to the Standard Model

particles via the Higgs boson. In this model, the observed Higgs boson with a mass of about
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Figure 1.12: Result on spin-independent dark matter-nucleon scattering from XENON100
: The expected sensitivity of this run is shown by the green/yellow band (1σ/2σ) and the
resulting exclusion limit (90% CL) in blue. For comparison, other experimental limits (90%
limit) and detection claims are also shown. Here dark matter is called WIMP referring to
weakly interacting massive particle[11].
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125 GeV might decay to dark matter since dark matter get a mass from the Higgs boson as

same as the Standard Model particles. If dark matter gets a mass from the Higgs boson, the

following terms have to be added to the Standard Model Lagrangian, Eq. (1.14) depending

on the spin of dark matter:

LS = −1

2
m2

SS
2 − 1

4
λSS

4 − 1

4
λhSSH

†HS2 (1.31)

LV =
1

2
m2

V VµV
µ +

1

4
λV (VµV

µ)2 +
1

4
λhV VH

†HVµV
µ (1.32)

Lf = −1

2
mf χ̄χ− 1

4

λhff
Λ

H†Hχ̄χ. (1.33)

After electroweak symmetry breaking, the complex scalar field H is shifted in the same

way as Eq. (1.22) and the Lagrangian will be given by

LS = −1

2
M2

SS
2 − 1

4
λSS

4 − 1

2
λhSSvηS

2 − 1

4
λhSSη

2S2, (1.34)

LV =
1

2
M2

V VµV
µ +

1

4
λV (VµV

µ)2 +
1

2
λhV V vηVµV

µ +
1

4
λhV V η

2VµV
µ, (1.35)

Lf = −1

2
Mf χ̄χ− 1

2

λhff
Λ

vηχ̄χ− 1

4

λhff
Λ

η2χ̄χ. (1.36)

Here, MX(X = S, V , f) are physical masses of the dark matter particle and defined as

M2
S = m2

S +
1

2
λhSSv

2, (1.37)

M2
V = m2

V +
1

2
λhV V v

2, (1.38)

Mf = mf +
1

2

λhff
Λ

v2. (1.39)

The terms ηXX suggest that the diagram shown in Figure 1.13(a) exists, and the diagram

of direct search experiment is written in Figure 1.13(b) in the Higgs-portal model. The cross

section between dark matter and nucleon searched for in the direct experiments is reduced

due to the smaller coupling constant between the Higgs boson and the nucleon.

In the Higgs-portal model, the invisibly decaying Higgs boson is the best way to search

for dark matter. Figure 1.14 shows the limit of invisibly decaying Higgs boson in Run-1 in

the case where the direct search experiment results are interpreted as in the Higgs-portal

model[13]. Within the constraints of Higgs-portal model, the results indicate strongest limits

applicable for the low mass dark matter candidate.

Thus we have focused on the search for the Higgs decaying to dark matter pairs at the

LHC which is the only accelerator to be able to produce the Higgs boson. The diagram of

Higgs production and the cross-section at the LHC are shown in Figure 1.15 and Table 1.2,

respectively. The dominant Higgs boson production is gluon fusion, and the second dominant
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(a) (b)

Figure 1.13: Feynman diagrams in the Higgs portal model in (a) the Higgs decay (LHC
experiments) and (b) in the direct detection experiments.

process is a vector boson fusion. Since dark matter is also treated as the missing transverse

momentum as neutrino, presence of an easily-tagged Standard Model particle in addition

against which the invisible particles recoil, is crucial. Thus Z(→ ℓℓ)H(→ inv.) production is

chosen to search for the invisibly decaying Higgs boson in this thesis since ZH production is

the best way to tag the Higgs boson production when the Higgs boson decays to the invisible

particles. Figure 1.16 shows the Feynman diagram for Higgs boson decaying to dark matter

pairs.

Table 1.2: The production cross-section of the Higgs boson at the LHC with
√
s = 8 TeV and√

s = 13 TeV.

center-of-mass energy gluon fusion VBF WZ ZH tt̄H

8 TeV 19.27 pb 1.578 pb 0.7046 pb 0.4153 pb 0.1293 pb

13 TeV 43.62 pb 3.727 pb 1.362 pb 0.8594 pb 0.5027 pb

1.3.3 Search for dark matter in association with a leptonically decaying Z

boson

Recently, dark matter is mainly searched using the dark matter elastic scattering with nuclei.

An alternative approach to the detection of dark matter is to produce them in a laboratory.

At the LHC, the dark matter production is predicted to occur mainly in pairs of dark matter.

Thus we also have searched dark matter pair production in association with a leptonically

decaying Z boson.
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Figure 1.14: The upper limit at the 90% CL on the dark matter-nucleon scattering cross
section in a Higgs portal model as a function of the mass of dark matter, shown separately for
a scalar, Majorana fermion, or vector-boson[13]. The hashed bands indicate the uncertainty
resulting from varying the form factor fN by its uncertainty.
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Figure 1.15: Higgs boson production channels at the LHC : (a)gluon fusion, (b)Vector boson
fusion, (c) Higgs-Strahlung and (d) tt̄ associated production.

Figure 1.16: Feynman diagram for Higgs boson decaying to dark matter pairs.
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The simplest models which include dark matter are the so-called Simplified Models[14].

In these models, other new particles are introduced to mediate the interactions between dark

matter and the standard model particles. The simplest model has one pair of dark matters

and one mediator particle, and it includes only 5 additional parameters to the standard model

: dark matter mass mχ, mediator mass M , mediator width Γ, coupling between the mediator

and dark matter gχ and coupling between the mediator and the standard model particles gq.

The models can be further simplified when the momentum transfer (Q) is smaller than

the mediator mass. This is the condition for the Effective Field Theory (EFT) models. There

is no mediator particle in EFT and it has only two parameters : dark matter mass mχ and

mass scale M . However the EFT is valid only when Q ≪ M and is not a UV-safe theory.

The greater number of higher Q events at 13 TeV means that the EFT models will be invalid

a greater percentage of the time. This is why the simplified models have become increasingly

important to study. Further details about the EFT and simplified models can be found in

Ref. [15].

The presence of dark matter, can be inferred from their recoil against the standard model

particle in the search for Higgs invisibly decaying. Thus we have searched pp → XX̄ + Z,

where the Z boson is emitted from the initial state radiation (mono-Z production). Figure 1.17

shows the Feynman diagram for the mono-Z production.

Figure 1.18 shows the comparison of the inferred limits to the constraints from spin-

dependent direct detection experiments in the Run-2 mono-jet analysis [16]. This comparison

is model-dependent in the context of the simplified model with axial-vector coupling. In this

case, stringent limits on the scattering cross section of the order of 10−42 cm2 up to dark

matter masses of about 300 GeV are inferred.

The mono-Z production has the same topology as the invisibly decaying Higgs boson,

and its phase space is also similar. Thus we applied exactly the same event selections and

background estimations to both search for invisibly decaying Higgs boson and search for

mono-Z production. In the following sections, the invisibly decaying Higgs boson and mono-

Z analyses are collectively called as the dark matter search since the same event selection and

background estimation are used for both the analyses.
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Figure 1.17: Feynman diagram for mono-Z production.
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Chapter 2

Experimental Apparatus

The high energy hadron collison is provided by the Large Hadron Collider (LHC), with the

data taken using the ATLAS detector. This section gives a brief introduction to the LHC and

the ATLAS detector.

2.1 The Large Hadron Collider

The Large Hadron Collider [17] built at the European Organaization for Nuclear Research

(CERN) is a synchrotron located at the border of France and Switzerland. The LHC was

constructed between 1998 and 2009, currently being the largest accelerator in the world. The

LHC accelerates protons and heavy ions around the circular 28 km tunnel located 100 m

underground. The LHC was designed to provide collision of protons at a maximum center of

mass energy of
√
s = 14 TeV and an instantaneous luminosity of L = 1034 cm−2s−1.

Collisions occur at four points around the LHC ring, CMS, ATLAS, LHCb and ALICE,

as shown in Figure 2.1. CMS (The compact Muon Solenoid) and ATLAS (A Toroidal LHC

Apparatus) are built to aim the discovery of the Higgs boson. LHCb (The Large Hadron

Collider Beauty experiment) is dedicated to the bottom quark physics where the parameters

of CP violation in the interactions associated with b-quarks are studied. ALICE (A Large Ion

Collider Experiment) is designed to study the phenomena of strong interaction in heavy ion

collisions.

The LHC is a super-conducting particle accelerator circulating two proton beams in

opposite directions. In 2010-2011 and 2012, the center of mass energy was 7 TeV and

8 TeV,respectively. In this paper, The data taken with the center of mass energy of 13 TeV

in 2015-2016 are used. The LHC plans to upgrade to
√
s = 14 TeV in near future.

The energy of the beam is reached through a series of accelerating stages. The first

stage is that the proton is ionized and accelerated in the LINAC2 (LINear ACCelerator 2)

to an energy of 50 MeV. After the first step, The protons are injected into the PS Booster

(Proton Synchrotron Booster) which further increases the energy of the protons to 1.4 GeV.
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Figure 2.1: A schematic of the Large Hadron Collider.
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The protons are then injected into the SPS (Super Proton Synchrotron) which increase their

energy to 450 GeV. As the final step, the protons are injected into the LHC which completes

the ramping of the energy to the final target energy. In the LHC ring, the acceleration

is achieved through application of an oscillating electric field in resonant frequency (RF)

cavities. RF cavities are designed to accelerate the bunches to an energy of 7 TeV.

2.2 The ATLAS detector

The ATLAS detector intends to perform general verification of particle physics and new

physics search at the LHC energy. It is designed to be sensitive for various processes in both

pp collisions and heavy ion collisions. Figure 2.2 shows the overview of the ATLAS detector.

The ATLAS detector has a cylindrical shape and is about 25 m in height and 44 m in width,

with a weight of roughly 7000 tons. Collisions occur at the center of the ATLAS detector,

Figure 2.2: The ATLAS detector[18].

and many kinds of subdetectors surrounding the collision point grab the particles produced

by the collisions. These subdetectors consist of the inner tracking detector, the calorimeter

system, and the muon spectrometer. This section briefly describes the properties of all the

subdetectors.
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2.2.1 Coordinate system

All of the subdetectors are concentric around the collision point. The coordinate system is

commonly used for detector hardware description specifying the positions of the modules in

terms of x, y and z. It is also used for physics analyses. The z-axis is defined along the beam

pipe, positive (negative) side is called as A side (C side). The plane that is perpendicular to

the z-axis is called the transverse plane, the x-axis from the collision pointing to the center

of the LHC ring and the y-axis being upward from the collision point. Radial distance r and

azimuthal angle φ are used on the transverse plane in cylindrical coordinates. Furthermore,

pseudorapidity η is defined in terms of the polar angle θ as η = − ln(tan( θ2)). The transverse

momentum pT is defined as pT = p sin θ = p/ cosh η in cylindrical coordinates. In addition,

a variable called ∆R defined as
√

(∆η)2 + (∆φ)2 is often used in physics analyses, where ∆η

and ∆φ are the difference between the two directions in η and φ.

2.2.2 The inner detector

The inner detector is located nearest to the collision point, having a role is to reconstruct

trajectories of charged particles. The positions of charged particles are measured with high

precision as particles traverse through the inner detector. The superconducting solenoid which

provides a uniform 2T magnetic field surrounding all of the inner detectors. Charged par-

ticles are bent by this field, where the curvature of the trajectories are used for momentum

calculation. The inner detector is composed of three kinds of subdetectors, pixel detector,

semiconductor tracker (SCT) and the transition radiation tracker (TRT) as shown in Fig-

ure 2.3.

The pixel detector [19, 20] is the innermost detector nearest to the collision point, con-

sisting of three barrel layers and three endcap layers each, providing a uniform coverage in

φ for |η| < 2.5. In addition, the insertable B-layer (IBL) has been installed after Run-1 to

the position closest to the beam pipe[21]. The layer has many silicon sensors which is divided

into small pixels (50×400 µm). When a charged particle passes through a pixel, electron hole

pairs are generated and drift in an applied electric field to the readout electrodes. The system

contains a total of 80 million readout channels and provides a position resolution of 10 µm in

the r-φ plane, and 115 µm in the z-direction.

The SCT [22, 23] is the second innermost detector surrounding the pixel detectors. The

mechanism of SCT to detect charged particles is almost the same as the pixel detector. The

silicon modules are introduced in many strips of typically 12 cm length in the case of SCT. To

obtain a position of charged particle in z-direction, a second detector is required to provide

on orthogonal measurement. The entire SCT has about 60 million readout channels.

The TRT is the outermost subdetector[24]. The TRT contains about 300000 straw tubes

that occupy 70 layers in the barrel and 140 layers in each end cap. The straw tube is filled

with a gas to be ionized by incident charged particles. When a charged particle incidents

to the TRT, electrons drift in an applied electric field to the wire strung along the straw
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Figure 2.3: Schematics of the inner detector.
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tube at the where electrons are avalanche multiplied. In addition to measure the position of

charged particle, the TRT is designed to help with particle identification using the number of

transition radiation photons generated by relativistic electrons.

2.2.3 The calorimeter systems

The calorimeters surround the inner detectors. After momenta of charged particle are mea-

sured with their tracks, calorimeters provide energy measurements of particles which feel

electromagnetic or hadronic interactions. Neutrinos do not interact in the detector, and

muon is measured as a Minimally Ionizing Particles. Particles from the hard-scatter collision

interact with the calorimeter material creating cascades of particle called showers. There

are two types of cascades depending on the source of particles, namely electromagnetic and

hadronic showers. Since two types of showers have different properties, different techniques

are required in accordance with types of showers. The electromagnetic calorimeter is designed

to measure the energy of electromagnetic showers, and the hadronic calorimeter is designed

to measure the energy of hadrons. The ATLAS calorimeter system consists of the two kind

of calorimeters with a total coverage of |η| < 4.9, as shown in figure2.4(a).

The liquid-argon electromagnetic calorimeter is located outside of the inner detector, and

designed to detect electromagnetic shower which is created by electrons and photons. The

calorimeter uses an accordion-like structure of lead as the passive material as shown in 2.4(b).

When a charged particle go through the electromagnetic calorimeter, electrons and photons

interact with lead and multiple tracks are detected by the liquid-argon. In the case of hadrons,

the probability of interaction in the lead is small giving small signal but hadronic shower is

created in the iron or copper plates in hadronic calorimeter. The system is divided into a

barrel region which covers the range |η| < 1.475, and two endcap regions each covering 1.375

< |η| < 3.2.

The hadronic calorimeter consists of the tile calorimeter at the barrel, and the liquid-argon

hadronic calorimeter at the endcap. The tile calorimeter is composed of steel and scintillat-

ing tiles. It covers the range of |η| < 1.7. When hadrons go through the tile calorimeter,

hadrons interact with the atomic nuclei of steel through the strong interaction, and then pro-

duced particles are detected by the scintillator to radiate photons. The intensity of photons

is converted to an electric signal. The liquid-argon calorimeter functions similarly the electro-

magnetic calorimeter, and covers the range of 1.5 < |η| < 4.9. The difference is to use copper

and tungsten as passive material instead of lead.

2.2.4 The muon spectrometers

Outermost subdetector is the muon spectrometer which consists of toroidal magnets, resistive

plate chambers (RPC)[25], thin gap chambers (TGC)[26], cathode strip chambers (CSC)[27],

and monitored drift tubes (MDT)[28]. The muon spectrometers measure the muon momen-

tum from the curvature in the toroidal magnetic field . The track information from the
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Figure 2.4: Schematics of the calorimeter.
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inner detector can also be combined to further improve the momentum measurement and the

identification. Figure 2.5 shows the illustration of the muon spectrometers.

The RPCs are used in the barrel region, covering the region |η| < 1.05. They collect ionized

charges on two parallel resistive plates separated at a small gap. The signal multiplication

is operated in an avalanche mode, thus the RPC is able to achieve fast signal readout. The

RPCs are used for the triggers utilizing their fast response.

The TGCs are located in the endcap regions, covering 1.05 < |η| < 2.7. The TGC consists

of two conducting cathodes of parallel wires at a small gap. This mechanism can achieve a

fast readout, thus TGC is also used for triggering. The TGCs have a good spatial resolution

provided by the wires, therefore they have began to be used also for muon reconstruction.

The CSCs are used for precise tracking, operated similarly as the TGCs, with a reduced

spacing between wires. The CSCs are installed in the regions 2.0 < |η| < 2.7. CSC has a

higher rate resistance than MDT, thus it is used in high η regions replacing MDT.

The MDTs are constructed using brass tubes operated in proportional mode and are

instrumented covering the outermost region of the ATLAS detector. The MDTs perform

precise measurement of the track coordinates, and are located in both barrel and endcap

regions, covering |η| < 2.7.

2.3 Trigger and data acquisition system

The collision rate of the LHC was 20 MHz in Run-1 and at the beginning of Run-2. It was

raised to the design value of 40 MHz in 2015, shortening the bunch space to 25 ns from

50 ns. The average data size of data from the ATLAS detector is about 1.5 MB per collision,

amounting to a data rate of 60 TB/s. It is not realistic to record all data on permanent

storage. Therefore the ATLAS experiment has a trigger system to select most interesting

events so that the event rate being written to tape data storage is reduced to about 1 kHz.

This section describes trigger and data acquisition system in the ATLAS experiment.

The ATLAS trigger system was a three-tiered system in Run-1 and is shown in figure 2.6.

Level 1 (L1) was a hardware based trigger, selecting interesting events using track and energy

information constructed in dedicated fast trigger systems. The L1 trigger had a maximum

accept rate of 70 kHz within a latency of 2.5 µs, and defines Region-of-Interest (RoI)[29] as

the geographical location of particle candidate. Then the objects were reconstructed at the

Level 2 (L2) combining more detailed information only available in the RoI. Thus the output

rate at L2 was 6.5 kHz, the average processing time 50 ms. Finally, the trigger objects are

reconstructed using full event information at the Event Filter (EF), where precise offline-like

algorithm is applied. The EF has an output rate of 1 kHz and an average processing time of

4 s.

The L2 and EF selections were executed on two separate computer farms in Run-1. In

Run-2, they have been merged into a single High-Level Trigger (HLT) farm. The logic of the

HLT underlying the trigger decision is similar to the case of Run-1.
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Figure 2.5: Schematics of the muon spectrometers.
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Figure 2.6: Outline of the trigger and the data acquisition systems in Run-1. The three levels
of trigger decisions is shown on the left side. and the flow of data in the data acquisition is on
the right side. The design values and the 2012 peak values for the event and data rates are
shown in black and red, respectively. The level2 and EF are merged into one system (HLT)
in Run-2.
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Chapter 3

Object Reconstruction

All the analyses require two charged leptons in the final state, as well as a missing transverse

momentum. This chapter describes the definitions of the objects used in the analyses.

3.1 Muons

3.1.1 Reconstruction and identification

Muon is reconstructed independently in the inner detectors and muon spectrometers. After

the reconstruction, the information from different subdetectors is combined to form the muon

tracks that are used in physics analyses. Four reconstruction methods, Combined (CB),

Segment-tagged (ST), Calorimeter-tagged (CT) and Extrapolated (ME) muons, are defined

depending on which subdetectors are used in reconstruction.

• CB muons : track is reconstructed in the inner detector (ID) and muon spectrometer

independently, and a combined track is made with a global refit that uses the hits from

both subdetectors.

• ST muons : if a track in the ID is associated with at least one local track segment in

the MDT or CSC chambers, it is defined as a ST muon. ST muons are usually used for

low pT muons and muons outside the spectrometer acceptance.

• CT muons : a track in the ID is defined as a CT muon if it can be matched to an energy

deposit in the calorimeter compatible with a MIP.

• ME muons : a track is only reconstructed in the muon spectrometer and ME muon is

applied loose requirement on compatibility with originating from the interaction point.

In this case, three hits layers of muon spectrometers are required in the forward re-

gion, although the muon is usually required to traverse at least two layers of muon

spectrometers.
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Reconstructed muons include many backgrounds that are mainly from pion and kaon

decays. Thus identification selection is also required. For muon identification, Loose, Medium

and Tight are defined.

• Loose muons : CT and ST muons in the |η| < 0.1 region are classified as Loose. All

CB and ME muons satisfying the Medium requirements are included in the Loose selec-

tion. In the region |η| < 2.5, roughly 97.5% of the Loose muons are combined muons,

approximately 1.5% are CT and the remaining 1% are reconstructed as ST muons.

• Medium muons : Only CB and ME tracks are used. The tracks are required to have >

3 hits in at least two MDT layers, except for the region |η| < 0.1, where tracks with at

least one MDT layer but no more than one MDT hole layer are allowed. At least three

MDT/CSC hit layers are required in the 2.5 < |η| < 2.7 region to extend the acceptance

outside the inner detector geometrical coverage. In addition, the q/p (significance),

which is defined as the absolute value of the difference between the ratio of the charge

and momentum of the muons measured in the inner detector and muon spectrometer

divided by the sum in quadrature of the corresponding uncertainties, is required to be

less than seven to suppress the contamination due to hadrons misidentified as muons.

• Tight muons : CB muons with hits in at least two stations of the muon spectrometers

and muons passing the Medium selection criteria are considered. Furthermore, a two-

dimensional cut in the ρ′ and q/p (significance) variables is applied as a function of

the muon pT, where ρ
′ is defined as the absolute value of the difference between the

transverse momentum measured in the inner detectors and muon spectrometers divided

by the pT of the combined track.

Figure 3.1 shows the reconstruction efficiency for muons with pT > 10 GeV passing the

Medium selection criteria. Muon reconstruction efficiency is measured by tag-and-probe

method using dimuon events. When the muon is used for physics analyses, correction is

required to correct the difference of reconstruction efficiency between the simulation and the

data. The correction factor is computed using data and MC efficiencies as shown in Figure 3.1.

The simulation can reproduce the muon momentum as measured by the ATLAS detector.

However, small difference between data and the simulation appears. Thus the muon momen-

tum is calibrated with Z → µµ events for high pT muons and J/ψ → µµ events for low pT
muons to verify agreement between data and simulation. The detail can be seen in ref. [30].

Figure 3.2 shows the invariant mass distributions for Z → µµ and J/ψ → µµ candidates,

and shows a comparison between uncorrected and corrected simulation distributions. Cor-

rected simulation is in good agreement with data even though raw simulation has a maximum

difference of 10-20% with the data.
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3.1.2 Object selection

In Z +Emiss
T analyses, further selections are applied to suppress the background events. The

muon object selections are summarized in table 3.1.

A transverse momentum pT greater than 20 GeV and |η| < 2.5 are required as a kinematics

cut, since muons associated with ZH or high mass resonance productions have high momen-

tum. η selection is applied to select quality muons reconstructed with the inner detector as

well.

Many cosmic muons constantly traverse the ATLAS detector. To suppress these back-

ground and non-prompt muons, a selection on the impact parameters with respect to the pri-

mary vertex is applied to the muon track in the inner detector, |d0/σd0 | < 3 and |z0 · sin θ| <
0.5 mm. Here, d0 is the transverse impact parameter, σd0 is its errors, z0 is the longitudinal

impact parameter and θ is the polar angle.

Finally, the muon is required to be isolated in order to avoid muons associated with jets.

To apply the isolation cut, two variables are considered. One is the track-based isolation

variable, pvarcone30T , defined as the scalar sum of the transverse momentum of the tracks with

pT > 1 GeV in a cone size ∆R = 0.3. The other one is the calorimeter-based isolation variable,

Etopocone20
T , defined as the sum of the transverse energy of topological clusters in a cone of

size ∆R = 0.2 around the muon. The selection is to achieve 99% efficiency for all the signal

samples in η and pT using pvarcone30T /pµT and Etopocone20
T /pµT.

Table 3.1: Summary of the muon object selections

Identification Combined muon with Medium quality

Kinematic pT > 20 GeV and |η| < 2.5

Impact parameter |d0/σd0 | < 3 and |z0 · sin θ| < 0.5 mm

Isolation 99% efficiency in η and pT using pvarcone30T /pµT and Etopocone20
T /pµT.

3.2 Electrons

3.2.1 Reconstruction and identification

Electrons are reconstructed by matching the inner detector track to an energy cluster in the

electromagnetic calorimeter.

The seed cluster of the electron is searched with a sliding window with a size of 3 × 5 in

units of 0.025 × 0.025 in η × φ space corresponding to the granularity of the electromagnetic

calorimeter middle layer. The total cluster transverse energy is required to be above 2.5 GeV.

The track reconstruction is performed with the pattern recognition and the track fit. The

pattern recognition uses the pion hypothesis for energy loss due to interactions with the
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detector material. If a track seed with a transverse momentum larger than 1 GeV can not be

successfully extended to a full track of at least seven hits using the pion hypothesis and it falls

within one of the electromagnetic cluster region of interest, a second attempt is performed

with the new pattern recognition using an electron hypothesis that allows for larger energy

loss. Track candidates are then fit either with the pion hypothesis or electron hypothesis,

using the ATLAS Global χ2 Track Fitter [34].

The reconstructed track with the above method is loosely matched to electromagnetic

clusters using the distance in η and φ between the positions.

To separate the signal-like objects or background-like objects, algorithms for electron

identification are applied. The electron identification algorithms use the variables related

to the electron cluster, shower shapes in calorimeter, information of the TRT, track-cluster

matching quality, track property, and so on. The electron identification algorithm is based on

the likelihood method which is a multivariate analysis technique. The multivariate analysis

evaluates several properties of the electron candidates when making selection decision. Three

levels of identification operating points Loose, Medium and Tight are prepared using the

output of likelihood method. Figure 3.3 shows the efficiency for all the electron identification

working points.

(a) (b)

Figure 3.3: The efficiency to identify electrons from Z → ee decays (a) and the efficiency to
identify hadrons as electrons estimated using simulated di-jet samples (b).

Figure 3.4 shows the reconstruction efficiency. Electron reconstruction efficiency is mea-

sured by tag-and-probe method using di-electron events. The electron momentum is also

calibrated with Z → ee events as the same with muon reconstruction.

3.2.2 Object selection

The object selections are applied in addition to the reconstruction method to suppress the

background. To ensure higher physics potential in Z +Emiss
T analyses, kinematics selection is
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Figure 3.4: Reconstruction efficiency as a function of η for 15 GeV < ET < 150 GeV. Both
statistical and systematic uncertainties are considered[31].

applied as ET > 20 GeV and |η| < 2.47. The required η region corresponds to the electromag-

netic calorimeter region. The quality of electron can be maintained with this η selection. To

suppress the contribution from non-prompt electrons, a cut on the impact parameters with

respect to the primary vertex is applied to the electron track in the inner detector, specifically

|d0/σd0 | < 5 and |z0 · sin θ| < 0.5 mm are required. Electrons are also required to be isolated

with respect to other tracks and calorimeter cluster. The object selections for electrons are

summarized in table 3.2.

Table 3.2: Summary of the electron object selections

Identification Likelihood Medium

Kinematic pT > 20 GeV and |η| < 2.47

Impact parameter |d0/σd0 | < 5 and |z0 · sin θ| < 0.5 mm

Isolation 99% efficiency in η and pT using pvarcone30T /pµT and Etopocone20
T /pµT.
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3.3 Jets

The particles which can feel the strong interaction is measured as the aggregation of hadrons

called jet. This section describes the jet identification, and the object selections.

3.3.1 Reconstruction and identification

Jets are reconstructed with the anti-kT algorithm [35] with energy depositions in the calorime-

ters. The anti-kT algorithm considers all particles as jet candidates. In the anti-kT algorithm,

the following two parameters are introduced.

dij = min(k2pT i, k
2p
Tj)

∆R2
ij

R2
(3.1)

diB = k2pT i (3.2)

where, kT i is the transverse momentum of i, R2
ij = (ηi − ηj)

2 + (φi − φj)
2, R is the radius

parameter of the jet, and diB is the distance between the particle and the beam. p is the

constant value. The jet reconstruction is split into several algorithms based on this value, p

can be defined as -1, 0 and 1. If diB is smaller than dij is not clustered into j. On the other

hand, if diB is larger than dij , i is clustered into j. The axis of j would undergo recalculation

after clustering. This procedure would repeat until all the particles are clustered into jets. In

Z+Emiss
T analyses, the radius parameter of the jet R is defined as 0.4. To ensure the quality of

jets, events that have jets built from noisy calorimeter cells are removed. In addition, large-R

jets are trimmed to minimize the impact on the large-R jets that are from energy depositions

from pile-up interactions not associated with the original shower.

Reconstructed jets are also applied the quality selection to remove fake jets. Two quality

selections are proposed, called BadLoose and BadTight jet selections. A jet is identified as a

BadLoose jet if it satisfies at least one of following criteria

• 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

where, fHEC ,the energy fraction in the hadronic calorimeter is defined as the ratio of the

energy deposited in the hadronic calorimeter to the total energy. Similarly, fEM , the energy

fraction in the electromagnetic calorimeter. fmax is the maximum energy fraction in any single
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calorimeter. 〈Q〉, the average jet quality is defined as the energy-squared weighted average

of the pulse quality of the calorimeter cells in the jet. fLAr
Q and fHEC

Q are fraction of the

energy in the LAr calorimeter and hadronic calorimeter, respectively. Finally, fch is charged

fraction defined as the ratio of the scalar sum of the pT of tracks coming from the primary

vertex associated to the jet divided by the jet pT.

The first two selections are required to identify jets mainly due to sporadic noise bursts in

the hadronic calorimeter. The third selection has the purpose to identify jets to large coherent

noise or isolated pathological cells in the electromagnetic calorimeter, The last three require-

ments are more general and are used to identify hardware issues, beam-induced background

and cosmic muon showers. The BadTight selection is designed to provide a much higher fake

jet rejection with an inefficiency for good jets. It adds a single criterion which is based on

the ratio between the fch and fmax Figure 3.5 shows the jet quality selection efficiencies as a

function of η for pT >100 GeV. Jet are first calibrated to the hadronic scale with the effect of

Figure 3.5: Jet quality selection efficiency for anti-kT jets with R = 0.4 measured with a
tag-and-probe method as a function of η for pT >100 GeV, for the Loose and Tight selection
criteria[32].

removing pile-up, then in-situ techniques are used to obtain calibration constants that correct

MC to obtain a better agreement with data.

3.3.2 b-jets identification

The B-hadron produced in LHC can travel a few millimeters in the transverse plane from

the primary vertex before decaying since it has a long proper lifetime distance of cτ = 470−
500 µm. Therefore the tracks from the B-hadron decay originate from a displaced secondary

vertex. The d0 of the tracks associated with the b jets tend to take large values in comparison
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with those associated with light jets. Figure 3.6 shows a sketch of a jet from a long-lived

particle decay. Furthermore, B-hadrons have large mass. Therefore the decay products can

have large transverse momentum with respect to the jet axis. To separate the b-jets, a Boosted

Decision Tree (BDT) algorithm which is one of multi-variate analysis methods is applied. The

variables to separate the flavor of jets are basically related to the above b-jet properties. The

detail of the variables are described in ref. [36].

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

Figure 3.6: A secondary vertex with a significant decay length indicates the presence of a
long-lived particle in the jet. The secondary vertex is reconstructed from tracks with a large
impact parameter significance with respect to the primary vertex[33].

Figure 3.7 shows the b-tagging BDT output for the b-jets, c-jets and light-flavor-jets. The

simulation is the tt̄ events and adjusted to describe better the data. The b-jet can be efficiently

selected with small probabilities for the other jets contributions in high output region.

3.3.3 Object selections

Z + Emiss
T analyses do not include the jet object at the final objects. However, properties

of jet have a pottential to separate the signal with the background, and are used for the

computation of missing transverse momentum. Thus the jet object selection is important in

Z + Emiss
T analyses.

Kinematic selections are jet pT > 20 GeV, and reconstructed in the region |η| < 4.5 which

consistent to the acceptance of the calorimeter. To reduce the pile-up jets, jet-vertex-fraction

(JVF) selection is applied. The JVF is defined as the scalar sum of the transverse momentum
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Figure 3.7: B-tagging BDT output for b-jets (blue), c-jets (green) and light-flavor-jets (red)
using tt̄ simulation.

of the tracks associated to the jets and originating from the hard-scattering vertex, divided

by the scalar sum of the transverse momentum of all the tracks. The JVF is combined with

other variables in a multivariate discriminant called Jet Vertex Tagger (JVT)[37] which is

then used in the corresponding tool at the analysis level to select jets from the hard-scatter

vertex. The JVT selection is 0.59 for jets with pT < 60 GeV and |η| < 2.4, which correspond

to an efficiency of 92% with an observed fake rate of 2%. Finally, jets are retained in the

analyses only if they pass the loose selection criteria which is described in the previous section

before.

The jets object selections are summarized in the table 3.3

Table 3.3: Summary of the jet object selections

Kinematic pT > 20 GeV and |η| < 4.5

Pileup removal JVT > 0.59 for pT < 60 GeV, |η| < 2.4 jets

Identification Loose jets accepted
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3.4 Overlap removals

The reconstruction algorithms described before are at first conducted independently. Thus

the same tracks or clusters may be reconstructed as more than one objects. For example,

b-jet may be reconstructed as a muon in addition to b-jet since a b-jet is often associated with

decay muons. In this case, the objects should be reconstructed as b-jet because muon is a

part of the b-jet. To remove such case, overlap removal selection is also applied.

Table 3.4 shows the summary of the overlap removal strategy used in the analyses. Here

pile-up jets check means JVT > 0.59 if the jet pT < 60 GeV and |η| < 2.4.

Reference objects Criteria

Remove jets

electrons ∆Re−jet < 0.2

muons
∆Rµ−jet < 0.2

if NTrk(jet) < 3 OR (pjetT /pµT < 2 and pµT /ΣTrkPt > 0.7)

Remove electrons
jets 0.2 < ∆Re−jet < 0.4 AND pile-up jets check

muons share the same ID track

remove muons jets ∆Rµ−jet < 0.4 AND pile-up jets check

Table 3.4: Summary of the overlap removal selection adopted in the analyses.

3.5 Missing transverse momentum

In the LHC, momentum conservation in the transverse plane to the beam axis implies that

the transverse momentum of the collision products should sum to zero. Thus, a particle

escape from detector, is characterized by the missing transverse momentum Emiss
T computed

as momentum imbalance in the transverse plane. This section describes the reconstruction of

the missing transverse momentum.

3.5.1 Reconstruction

The missing transverse momentum is reconstructed by selecting calibrated hard objects, and

calculated as the following equation :

Emiss
T = −Ee

T −E
γ
T −Eτ

T −E
jets
T −E

µ
T −Esoft

T , (3.3)
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where all terms are given by the negative vectorial sum of the object momentum. All missing

transverse momentum are computed with the objects passing the object selections except for

the soft term. The soft term is reconstructed from the detector signal objects not associated

with any object. The soft term is basically built from the inner detector track information.

The tracks and vertex to build the soft term are required to pass the following selections :

• track pT > 0.4 GeV and |η| < 2.5

• |d0| < 1.5 cm and |z0| < 1.5 cm

• Tracks within ∆R(track, electron/photon cluster) < 0.05 are removed.

• Tracks within ∆R(track, τ -lepton) < 0.2 are removed.

• ID tracks associated to combined or segment-tagged muons are replaced with the com-

bined the inner detector and the muon spectrometer fit.

• Tracks associated with jets using the ghost-association technique [38, 39] are removed.

• tracks with momentum uncertainties larger than 40% are removed.

Figure 3.8 shows the missing transverse momentum distribution[40]. The difference be-

tween data and the simulation in the low Emiss
T region is caused by the multi-jet background

which is not included in the simulation.

The Emiss
T resolution is evaluated in Z → µµ events. Figure 3.9 shows the Emiss

T resolution

as a function of ΣET and number of primary vertices, respectively.
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Figure 3.8: Distributions of the missing transverse momentum in W → µν[40].
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Figure 3.9: Distributions of missing transverse momentum resolution as a function of ΣET

and of the number of primary vertices in Z → µµ events[41].
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Chapter 4

Signal and Background Processes

This section describes the definition of signal and backgrounds in Z + Emiss
T analyses, and

the data samples recorded with the ATLAS detector and the simulation samples. Monte

Carlo samples have been used to simulate all the background and signal processes, and have

been generated for a center-of-mass energy of 13 TeV and passed through the full GEANT4

simulation [42] of the ATLAS detector.

4.1 ATLAS data sample

The data samples used consist of the full integrated luminosity collected by ATLAS in 2015,

and the part of the data in 2016 during 25 ns proton-proton collisions in the LHC. The

sample corresponds to 13.3 fb−1 of luminosity. Data are required to satisfy specific quality

conditions which collect all the luminosity blocks with all the sub-detectors working with a

high efficiency.

4.2 Signal processes

4.2.1 ZZ resonance search

The resonance search has a potential to inclusively search for many physics beyond the Stan-

dard Model. In this analysis, heavy Higgs boson and spin-2 Kaluza-Klein (KK) graviton are

assumed as the signal.

An additional heavy Higgs boson is searched in the mass range 300 < mH < 1000 GeV,

because ℓℓνν channel has the highest sensitivity in the Z boson pair production channel in

the region above 500 GeV due to the larger branching with respect to ℓℓℓℓ, and cleaner event

topology than ℓℓqq and ννqq. The heavy Higgs boson signal is assumed as Narrow Width

Approximation (4.7 MeV), which is a resonance with a width narrower than the experimental

detector resolution. The heavy Higgs boson in the gluon-fusion in Z + Emiss
T final state is
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generated by POWHEG-BOX v2 [43] up to next-to-leading order. Parton shower and hadro-

nisation is modeled by PYTHIA 8.186[44]. bottom and charm hadron decays are simulated by

EVTGEN v1.2.0 [45]. The parton distribution function is modeled by the CT10[46]. Samples

are generated for several mass point in the mH interval of 300-1000 GeV.

The graviton production is modeled with MADGRAPH5 AMC@NLO b2.2.2 [47]. Generator-

parameter values and PDF set are the A14 [48] and NNPDF2.3LO [49] are used, respectively.

In the RS framework, a dimensionless coupling constant κ/M̄P l is introduced as a voluntary

parameter, where κ is the curvature of the warped extra-dimensions and M̄P l is the reduced

Plank mass. In the simulation, the parameter κ/M̄P l is assumed as 1.

4.2.2 Invisible particle searches

The Higgs invisibly decaying and mono-Z search are assumed as the signal, and performed

using the same events due to their similar phase space.

The signal in the Higgs invisibly decaying is simulated assuming the Standard Model Higgs

decaying to νννν with a branching fraction of 100%. The production of the Standard Model

Higgs boson in association with a Z boson and its decay are modeled with POWHEG-BOX

v2. The signal is simulated at NLO in perturbation theory using the MiNLO [50]. However

the NNLO QCD and NLO electroweak corrections are applied to the cross section. The cross

section is assumed as 89.31+3.8
−3.0fb (QCD) ± 3fb (PDF) taken from Ref [51, 52, 53].

The mono-Z production is simulated with MADGRAPH5 [54]. The Dirac fermion WIMP

particle χ interacts with the Standard Model particles via an unknown massive mediator η.

We focus on the Vector-mediator model, where the dark matter candidate is produced via the

exchange of a neutral spin-1 mediator in the s-channel. The coupling parameters have been

set to gχ = 1.0 and gq = 0.25, for the coupling between the mediator and the dark matter,

and the coupling between the mediator and the Standard Model particles, respectively. The

mass of the mediator mmed is considered in the region between 10 and 10000 GeV, and the

dark matter mass mχ is varied in the region between 1 and 1000 GeV. The cross section is

computed with the leading order. The PDF set is NNPDF3.0 [49].

4.3 Background processes

In the Z + Emiss
T analyses, the following topologies can be the backgrounds :

• 2 real leptons + Emiss
T

• 1 real lepton + 1 fake lepton + Emiss
T

This section describes all possible backgrounds in the Z + Emiss
T , and the properties of back-

ground simulations.
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4.3.1 Z boson pair production

The Z boson pair productions from quark-antiquark annihilation have the same objects with

both ZZ resonance and invisible particle searches, since Z decays to the same final states. The

decay modes ZZ → ℓℓℓℓ, ZZ → νννν and ZZ → ℓℓνν are considered using the POWHEG

event generator [55] with AZNLO CTEQ6L1 tune. Phythia8 is used for the parton showering.

The NNLO QCD and NLO electroweak corrections are considered by Ref. [56][57] as a function

of mZZ . Figure 4.1 and Figure 4.2 show the NLO electroweak correction function and the

NNLO QCD correction function, respectively. The vertical axis is the event weight for mZZ .
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Figure 4.1: Function for NLO electroweak corrections to Z boson pair production in the (a)
eeνν and µµνν channels as a function of mZZ .

A minimum mass of 4 GeV is required for the off-shell Z boson.

Furthermore, Z boson pair production in the gluon-fusion is also considered. The back-

ground can interfere the off-shell Standard Model Higgs boson in gluon-fusion production.

The interference contributions are generated at leading order in perturbative QCD using

GG2VV3.1.6 [58, 59] with higher order correction. The CT10 is used for the PDF set to

correct higher order QCD effects, 1.7 is applied as a K-factor taken from Ref. [66].

4.3.2 WZ production and W boson pair production

TheWZ production with the charged lepton from theW decay escaping from the detection or

W decaying hadronically in the case ofW → τν, is the second largest background in Z+Emiss
T .

Thus the main decay mode is WZ → ℓνℓℓ. The ℓννν decay mode barely contributes in the

signal region. In this case, additional jet imitates a charged lepton. The WZ production is

modeled with POWHEG interfaced with Pythia8. The NNLO QCD correction effects to the

cross section at the level of 10 % [61]. The WZ production cross section has been measured

around 15% higher than the POWHEG prediction [62, 63]. Thus the normalization in the
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Figure 4.2: Function for NNLO QCD corrections to Z boson pair production.

background control region is defined as described in section 6.2.

The W boson pair production in the final state with both W bosons decaying to leptons

WW → ℓνℓν is also considered. A minimum mass of 4 GeV is required for each charged

lepton coupling. The generators are the same as for the WZ sample.

4.3.3 V+jets production

Z+jets background

The events with a di-electron or di-muon pair from Z boson decays and one or more accom-

panying jets in the final state can be the background due to poorly reconstructed Emiss
T . This

background can be largely reduced by kinematic selections. However, the Z + jets back-

ground has significant systematics uncertainties. Since the modeling of mismeasurement in

the Monte Carlo depends strongly on the correct modeling of the detector, pile-up interac-

tions, jet energy response and track reconstruction, Z+jets background is estimated with the

data as described in section 6.4.

For the Z+jets process, MADGRAPH [47] event generator is attempted to use with cross

checks done using POWHEG generator with AZNLO CTEQ6L1 tune and interfaced with

Pythia8 for the parton showering. The simulation generated by POWHEG shows a reasonably

good description of inclusive kinematic distributions for leptons and an agreement in the

number of jets distribution up to one jet bin. MADGRAPH models the emission of additional

partons, and describes the jet multiplicity as well as the jet kinematics better than POWHEG.
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However the agreement in Z boson pT distribution is slightly different.

Since the high ZPT
tail can contribute significantly to the signal region, one of the kine-

matic distributions evaluated from only the generators is statistically not enough. Thus both

MADGRAPH and POWHEG samples are used for the background studies. In addition, Z bo-

son pT difference is corrected by bin-by-bin re-weighting as shown in Figure 4.3. The weights

are derived for events with exactly two opposite sign electrons and muons with pT > (30,

20 GeV) for (leading, sub-leading), and |η| < 2.47 (electrons) and |η| < 2.5 (muons) respec-

tively. The cut on the di-lepton invariant mass is also applied to select a Z-boson, specifically

75 < mℓℓ < 106 GeV. Figure 4.4 shows the resulting effect of ZPT
re-weighting.

0 200 400 600 800 1000 1200 14000.7

0.8

0.9

1

1.1

1.2

1.3
ee

µµ

Figure 4.3: Ratio of number of events for Data/(MADGRAPH+POWHEG), in Z → ee and
Z → µµ decay channels. The x axis is ZPT

.

W+jets production

W → eν, W → µν and W → τν processes can contribute to the signal region if one of the

jets is reconstructed as a lepton. W+jets background is simulated using POWHEG-BOX v2.

The W+jets cross section is normalized to the NNLO prediction.

4.3.4 Top quark pair and single top production

Background samples of top-pair, single top andWt productions are simulated using POWHEG

interfaced with Pythia6. Perugia2012 tune was used. Events for the top pair production are

filtered at the event generator level requiring at least one lepton originating from a W boson

and having pT > 1 GeV. Single top production is considered for both s-channel and t-channel.

For Wt single top associated production, di-lepton events have been used.
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Figure 4.4: ZPT
distributions before (left) and after (right) the weighting to data. The top

plots are for Z decays to muons, bottom plots are for Z decays to electrons.
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4.3.5 Other insignificant background

As other insignificant background processes, tri-boson, tt̄V and tt̄V V background are consid-

ered.

Tri-boson background

The production of three vector bosons is suppressed by requiring no more than two leptons in

the final state. The expected contribution from these samples is then very small, compared

to that of the di-boson events. Tri-boson production V V V , with V = W,Z, is simulated by

SHERPA event generator at NLO.

tt̄V and tt̄V V backgrounds

Background samples for top pair production in association with one or two vector bosons are

simulated with MADGRAPH generator interfaced with Pythia8.
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Chapter 5

Event Selection

The events used for analyses are selected using variables which have distinctive difference

between the signal and background. The event selections were optimized for the ZZ resonance

and the dark matter searches independently, since the phase space is different in these analyses.

This section describes the event selection for the Z + Emiss
T analyses.

5.1 Event preselection

To exclude events in problematic luminosity blocks, all data events are required to pass certain

quality checks. These selections are applied to both Z+Emiss
T analyses. The event preselection

is applied to reject non-collision background events and pileup jets, which can give rise to fake

Emiss
T and consequently degrade the Emiss

T performance. The primary vertex with at least two

associated tracks with pT > 400 MeV is required, where the primary vertex is defined as the

vertex with the greatest Σp2T associated in the event. In addition, events that have a noise

burst in the LAr calorimeter and HV trips in the calorimeter are removed, and events affected

by the recovery procedure for single event upsets in the SCT are also removed. Finally the

events that are taken with the toroid off are excluded.

5.2 Trigger

The ATLAS takes the data with many kinds of trigger logic. In Z + Emiss
T analyses, two

leptons from Z boson decay expected to have high pT. Thus single lepton triggers are chosen

for both Z+Emiss
T analyses. The pT threshold of the single lepton trigger needs to be adjusted

with the luminosity since the overall trigger rate the ATLAS can manage is limited. Since the

LHC luminosity was substantially improved in the data taking period of 13 TeV, the single

trigger threshold was changed with the LHC luminosity. The list of trigger requirement is

shown in table 5.1.

53



Table 5.1: Trigger requirement in Z + Emiss
T analyses in 2015 and 2016 data periods. The

single lepton triggers were all un-prescaled.

Trigger selection

Single Muon mu20 iloose L1MU15 OR mu50 (2015)

mu24 ivarmedium OR mu50 (2016)

mu26 ivarmedium OR mu50 (2016, after 1034cm−2s−1)

Single Electron e24 lhmedium L1EM18VH OR e60 lhmedium OR e120 lhloose (2015)

e24 lhtight nod0 ivarloose OR e60 lhmedium nod0 (2016)

OR e140 lhloose nod0 (2016)

e26 lhtight nod0 ivarloose (2016, after 1034cm−2s−1)

For the muon (electron) triggers, the numeral after ”mu”(”el”) means the pT threshold of

the muon (electron) in GeV. iloose and ivarmedium mean the isolation requirement as follows

:

• iloose : pTcone20/pT < 0.12, where pTcone20 is the pT sum of ID tracks in cone dR =

0.2 excluding muon track itself.

• ivarloose : pTvarcone30/pT < 0.16, where pTvarcone30 is the pT sum of the tracks in a

cone of dR = 10 excluding muon track itself with maximum cone size = 0.3.

• imedium : pTcone30/pT < 0.06, where, pTcone30 is the pT sum of ID tracks in cone dR

= 0.3, excluding muon track itself.

• ivarmedium : pTvarcone30/pT < 0.07, where, pTvarcone30 is the pT sum of the tracks

in a cone of dR = 10, excluding muon track itself with maximum cone size = 0.3.

lhloose, lhmedium and lhtight mean the electron qualities according to the result of likelihood

identification.

The ATLAS experiment also prepares the di-lepton trigger that requires two leptons, it

has a lower pT threshold than the single lepton trigger. However the efficiency to take the

signals is much the same as the single lepton triggers for the present analyses. The evaluated

trigger efficiencies to take the signals are shown in Figure 5.1 and Figure 5.2.

Figure 5.3 shows the efficiency turn-on curves of the muon triggers. Since non-active layers

exist in the barrel region, the efficiency in the barrel region is lower than in the endcap region.
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Figure 5.1: Efficiency to select the higgs invisibly decaying signal after applying all the kine-
matic selections in (a) the electron channel and (b) the muon channels.

Figure 5.4 shows the efficiency curves of electron triggers.

In these figures, the trigger scale factor is applied to the MC samples to correct the trigger

efficiency difference between the data and the MC. Trigger scale factors are computed using

the following equation with events that at least one lepton fired the trigger :

SF =

∏Nleptons
n (1− ǫData)
∏Nleptons

n (1− ǫMC)
(5.1)

where ǫ is the trigger efficiency provided as a function of lepton η.

5.3 The variables used for event selections

This section summaries the event selections. The event selection is optimized to reach optimal

search sensitivity in all the Z + Emiss
T analyses. The cut based analysis is adopted to the

analyses, defining the selection cut off for the variables which have a sensitivity to separate

the signal with the background. The variables used for the selection are almost the same for

both Z + Emiss
T analyses.

In all of the Z+Emiss
T analyses, events are required to contain exactly two same flavor and

oppositely charged muons or electrons that pass the object selections described in section 3.1

and 3.2. Furthermore, to suppress the ZZ → ℓℓℓℓ andWZ → ℓνℓℓ events, events with a third

lepton are vetoed. The pT thresholds and selection criteria for the third lepton are set to be

7 GeV and loose selection criteria for both muons and electrons.

The trigger turn on curve is pretty sharp as shown in Figure 5.3 and Figure 5.4. A lower

threshold at 20 GeV on the lepton pT is not on the plateau region. Thus the pT cut on leading

lepton to 30 GeV is applied, while the sub-leading lepton is kept to 20 GeV.

To exclude the events that do not include a Z boson (ex. tt̄, WW → ℓνℓν, etc.), the
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Figure 5.2: Efficiency to select heavy Higgs for mH = 300 GeV (top two), mH = 600 GeV
(middle two) and mH = 1000 GeV (bottom two) after applying all kinematic selections in
(a),(c),(e) the electron channel and (b),(d),(f) the muon channel. Both signal and di-lepton
triggers are checked.
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(a)

(b)

Figure 5.3: L1 muon trigger efficiency, HLT muon trigger efficiency and relative efficiency of
muon trigger as a function of pT of offline muon candidates in (a) the barrel detector region
and (b) the endcap region[64].
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(a)

(b)

Figure 5.4: Electron trigger efficiency as a function of (a) electron pT and (b) electron η[65].
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invariant mass of the selected two leptons is required to be within the range of 76 GeV

≤ Mℓℓ ≤ 106 GeV. Figure 5.5 shows the invariant mass of leptons that pass the object

selections. Here Only events with two oppositely signed same flavor leptons and no additional

leptons are accepted.
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Figure 5.5: The invariant mass of leptons that pass the object selections in the (a) electron
channel and (b) muon channel.

Others common selections are applied, which exploits the topology and kinematics of the

signal events. A lower threshold is set on the Emiss
T variable, which helps in selecting signal

events while rejecting the inclusive Z production, since the signal productions predict the

high pT neutrinos caused by high ŝ. The Emiss
T thresholds are different accordingly because

ŝ is difference between the ZZ resonance and the dark matter searches. Figure 5.6 shows

the Emiss
T distributions with events that pass the Z boson mass requirement and third-lepton

veto.

The Z boson is boosted as the same way as Emiss
T case. This effect implies the two leptons

are close in the space. Thus an upper threshold on the distance ∆Rℓℓ is applied. Figure 5.7

shows the ∆Rℓℓ distributions with events which pass the Z mass requirement and third-lepton

veto.

In the absence of initial or final state radiation, the expected signature of signal events

is that of a Z boson, recoiling against the Higgs boson. Thus the Emiss
T is expected to be

balanced against the Z boson pT. If some objects have large different pT from the truth

object (caused by the calibration, smearing, etc), the balance can not be kept. To reduce

the imbalance events, the fractional pT difference variables which is defined as the following
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Figure 5.6: The missing transverse energy distribution in the (a) electron channel and the (b)
muon channel.
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Figure 5.7: The distance between leptons (∆Rℓℓ) in the (a) electron channel and the (b) muon
channel.
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equation is used for the event selection:

frac. pT diff. = |pmiss,jet
T − pllT|/pllT. (5.2)

pmiss,jet
T = | ~Emiss

T +
∑

jets

~pjetT | (5.3)

The fractional pT difference distributions are shown in Figure 5.8. In these plots, the Z mass

requirement and third lepton veto are applied.
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Figure 5.8: The fractional pT difference distributions in the (a) electron channel and (b) muon
channel.

Furthermore, ∆φ(Z,Emiss
T ) also has a sensitivity to separate the signal with the back-

ground since Emiss
T is expected to be back-to-back with respect to the Z boson in the signal.

Figure 5.9 shows the ∆φ(Z,Emiss
T ) distributions in events with two leptons with an invariant

mass consistent with Z boson.

The Z + jets background is efficiently reduced by the Emiss
T , ∆Rℓℓ selections, however

it may not be removed when some objects have large difference in distribution described

simulation due to smearing or calibration. These events have very similar kinematics to the

signals. To reduce these background events, two additional selections, ∆φ(jet, Emiss
T ) and

pZT/mT are applied.

High Emiss
T Drell-Yan events that pass the kinematic selections usually have high pT jets,

boosted Z boson, and large Emiss
T originated from mis-measurement of high pT jets. Therefore,

absolute value of ∆φ(jet, Emiss
T ) is defined as the minimum azimuthal angle separation between

Emiss
T and jets with pT > 100 GeV for the ZZ resonance or with pT > 25 GeV for the dark
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Figure 5.9: ∆φ(Z,Emiss
T ) distributions in the (a) electron channel and (b) muon channel.

matter searches. Figure 5.10 shows the minimum ∆φ(jets, Emiss
T ) distributions.

The pZT/mT also helps to reject events with fake Emiss
T as well as events where the Emiss

T is

mismeasured due to the momentum resolution of high-pT muons. The mT is the transverse

mass of the event which is defined as equation 5.4 for the ZZ resonance search and equation 5.5

for the dark matter search. The pZT/mT typically has around 0.5 for the signal. To reduce

the events with large Emiss
T caused by mis-reconstruction, the upper cut is applied.

(mZZ
T )2 = (

√

m2
Z + |pℓℓT |2 +

√

m2
Z + |Emiss

T |2)2 − |pℓℓ
T −Emiss

T |2 (5.4)

mT =
√

2pllTE
miss
T (1− cos(∆φ(pℓℓ

T ,E
miss
T ))) (5.5)

Figure 5.11 and Figure 5.12 show pZT/mT distributions for the ZZ resonance search and

the dark matter search, respectively.

Finally, events with a b-jet with pT > 20 GeV and |η| < 2.5 are rejected to reduce the top

quark background. Figure 5.13 shows the number of b-tagged jets distributions.

5.4 The event selection optimization

To optimize the event selection, all the cut requirements except for one variable are applied,

and the signal significance is scanned for that variable (the N-1 method). When the variable
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Figure 5.10: Minimum ∆φ(jets, Emiss
T ) distributions with events that have jets with pT > 100

GeV (top two plots) or with pT > 25 GeV in the electron channel (left two plots) and muon
channel(right two plots). The events which do not have jets are added to the overflow bin.
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Figure 5.11: pZT/m
ZZ
T distributions in (a)the electron channel and (b)the muon channel.
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Figure 5.12: pZT/mT distributions in (a)the electron channel and (b)the muon channel.
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Figure 5.13: Number of b-tagged jets distributions in (a)the electron channel and (b)the muon
channel.

is scanned, the signal significance would be defined as the following equation :

Z =

√

2 (S +B) ln

(

1 +
S

B

)

− S (5.6)

However equation 5.6 does not consider the background uncertainties. Thus the equation

should be modified as equation 5.9.

p = A

∫ ∞

0
dbG(b;Nb, δNb)

∞
∑

i=Ndata

e−bbj

i
(5.7)

A =

(

∫ ∞

0
dbG (b;Nb, δNb)

∞
∑

i=0

e−bbi

i

)−1

(5.8)

Z =
√
2erf−1(1− 2p) (5.9)

Here, the variables are defined as follows. p : the probability that background fluctuates

to the measured value or above, A : a normalization factor, Nb : the number of background

events, δNb : size of the systematic uncertainty of the background, G(b;Nb, δNb) : a Gaussian,

Z : the significance.

Event selections are optimized for mH = 300 GeV sample in the ZZ resonance search

and for H → inv. sample in the dark matter search. When the significance is computed, the

background uncertainty is assumed as 13% which is the same value adopted in the Run-1
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8 TeV analysis. For example, Figure 5.14 shows the result of significance scan for the dRℓ,ℓ

distribution. For mH = 300 GeV, the significance is the highest at dRℓ,ℓ = 1.8. Significance

scan is done for all the other variables. Table 5.2 and table 5.3 summarize event selections

for the ZZ resonance search and the dark matter search, respectively.
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Figure 5.14: Significance scan for the dR(ℓ,ℓ) distribution with background uncertainty 13%.
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Table 5.2: List of event selections for the ZZ resonance search.

Event Pre-Selection

All Good GRL events

Vertex with ≥ 2 tracks with pT > 1 GeV

Single lepton trigger as in section 5.2

Event Selection

Two Same Flavor Opposite-Sign Leptons (e+e− OR µ+µ−)

Veto of any additional lepton with Loose PID and pT > 7 GeV

76 < Mℓℓ <106 GeV

Emiss
T > 120 GeV

∆Rℓℓ < 1.8

∆φ(Z,Emiss
T ) > 2.7

Fractional pT difference < 0.2

∆φ(jet(pT >100 GeV), Emiss
T ) > 0.4

ZpT/mT < 0.7

b-jet Veto
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Table 5.3: List of event selections for the Higgs invisibly decaying search.

Event Pre-Selection

All Good GRL events

Vertex with ≥ 2 tracks with pT > 1 GeV

Single lepton trigger as in section 5.2

Event Selection

Two Same Flavor Opposite-Sign Leptons (e+e− OR µ+µ−)

Veto of any additional lepton with Loose PID and pT > 7 GeV

76 < Mℓℓ <106 GeV

Emiss
T > 90 GeV

∆Rℓℓ < 1.8

∆φ(Z,Emiss
T ) > 2.7

Fractional pT difference < 0.2

∆φ(jet(pT > 25GeV ), Emiss
T ) > 0.7

ZpT/mT < 0.9

b-jet Veto
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Chapter 6

Background Estimation

This part describes how to estimate the main backgrounds to the ll + Emiss
T final states.

6.1 ZZ background

The Standard model ZZ → ℓℓνν background has the same final states and the similar kine-

matics with the signals, therefore it is the main background in Z + Emiss
T analyses. These

backgrounds are estimated with Monte Carlo predictions since it is difficult to define a con-

trol region to estimate both qq → ZZ and gg → ZZ backgrounds. Both the qq → ZZ and

gg → ZZ processes are considered. The NNLO QCD k-factor as a function of mZZ is applied

to normalize the qq → ZZ contribution. Regarding the k-factor for gg → ZZ continuum

production calculated for mass-less quark loops [66, 67] and in the heavy top quark limit [68],

and for gg(→ h∗)→ ZZ, i.e. off-shell light Standard Model Higgs signal plus its interference

with the continuum background [69, 70], we estimate a k-factor of 1.7± 1.0 while the applied

uncertainty of 60% results from conservative considerations.

For ZZ background, theoretical uncertainties are only considered as the systematic uncer-

tainty since background is estimated with Monte-Carlo expectation. As a theoretical uncer-

tainty, NNLO QCD correction, EW NLO correction, QCD uncertainty and PDF uncertainty

are considered. The detail will be described in Section 7.1.

The data-driven estimation is also investigated for ZZ background. However the statistics

is not enough to adopt the method at this point. The detail of data-driven study is described

in appendix B.

6.2 WZ background

This background in which the lepton from W boson decay is not reconstructed is the second

largest background in Z + Emiss
T analyses. In order to normalize WZ → ℓνℓℓ prediction to

the data, we define a three-lepton control region (3l-CR), where additional lepton is required
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to the two leptons from Z boson decay in events which have no b-tagged jets. The third

lepton is defined in the same way as the two leptons from the Z boson, which is described in

Section 3.2 and Section 3.1. Figure 6.1 and Figure 6.2 show Emiss
T distributions and transverse

mass distributions of third lepton and Emiss
T system, respectively.

As it can be seen from figures, many Z + jets contributions still exist. For higher purity

ofWZ in 3l-CR, the transverse mass of third lepton and Emiss
T system is required to be higher

than 60 GeV. In addition, events including a b-tagged jet are vetoed. Final selection criteria is

shown in table 6.1, and the plots for the events in 3l-CR are also shown in Figure 6.3. Events

with a transverse mass greater than 60 GeV are dominated by WZ production. The purity of

the region turns out to be ∼90%. The final scale factor to normalize WZ contribution is then

obtained by averaging the single scale factors in the different decay modes : a scale factor of

1.25± 0.04 (stat) ± 0.05 (syst) is evaluated. The systematic uncertainty is estimated to 0.05

by taking the largest difference found among the average and each of the four SFs. Shape

systematics uncertainties on WZ background will be mentioned in Section 7.1.

Table 6.1: List of selections applied at the event selection level for three lepton control region.

Event Pre-Selection

All Good GRL events

Vertex with ≥ 2 tracks with pT > 1 GeV

Single lepton trigger as in section 5.2

Event Selection

Two Same Flavor Opposite-Sign Leptons (e+e− OR µ+µ−)

and one additional lepton

Veto of any additional lepton with Loose PID and pT > 7 GeV

76 < Mℓℓ <106 GeV

(If two combination pass the cut, a pair closer to Z mass is chosen)

MT (Emiss
T , 3rd lepton) > 60 GeV

b-jet Veto
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Figure 6.1: Emiss
T distributions for data and Monte-Carlo in ee+ e channel (top left) , ee+ µ

channel (top right), µµ+ e channel (bottom left) and µµ+µ channel (bottom right) in events
with one additional lepton with respect to the lepton pair whose invariant mass is consistent
with Z boson mass. The bottom plots show the ratio of the data and Monte Carlo.
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Figure 6.2: Transverse mass distributions for data and Monte-Carlo in ee + e channel (top
left) , ee + µ channel (top right), µµ + e channel (bottom left) and µµ + µ channel (bottom
right) in events with one additional lepton with respect to the lepton pair whose invariant
mass is consistent with Z boson mass. The bottom plots show the ratio of the data and Monte
Carlo.
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Figure 6.3: Transverse mass distributions for data and Monte-Carlo in ee + e channel (top
left) , ee + µ channel (top right), µµ + e channel (bottom left) and µµ + µ channel (bottom
right) in events with one additional lepton with respect to the lepton pair whose invariant
mass is consistent with Z boson mass. The bottom plots show the ratio of the data and Monte
Carlo.
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Table 6.2: The expected number of background and observed number of events in the 3l-CRs
in MT > 60 GeV region. Number of observed events is for an integrated luminosity of 13.3
fb−1. The quoted uncertainty is statistical.

channel ee+ e ee+ µ µµ+ e µµ+ µ Total

Expected 209.93 ± 5.40 305.05 ± 4.23 348.16 ± 12.30 369.36 ± 18.44 1313.51 ± 14.60

Observed 361 362 406 465 1594

Scale factor 1.28 ± 0.08 1.21 ± 0.07 1.20 ± 0.08 1.29 ± 0.07 1.25 ± 0.04 ± 0.05

Figure 6.4 shows the invariant mass of the WZ resonance system for data and Monte-

Carlo. In all the ratio plots, the difference between data and Monte-Carlo is flat. This behavior

means that the scale factor do not depend on the mWZ . Since the systematic uncertainties

on the mT shape are computed as function of MWZ , the systematic uncertainty related to

the difference between signal and control regions should not be considered.

6.3 Top, WW , Wt, Z → ττ background

tt̄, WW , single top and Z → ττ have a minor contribution on ℓℓ + Emiss
T analyses. Most of

backgrounds in association with a top quark can be reduced with b-tagged jet veto. WW →
ℓνℓν is mainly removed by requiring that the two leptons have an invariant mass consistent

to be Z boson mass. Remaining WW process can be reduced by Emiss
T requirement. Z → ττ

decaying to two light leptons can be the background, however their invariant mass should be

lower than Z → ee/µµ since neutrinos take away the energy.

The contribution of tt̄, WW , single top and Z → ττ is estimated from the data using

a dedicated control region. All the backgrounds decay to eµ pair in addition to ee and µµ.

The probability of eµ process has a probability twice the other two decay modes due to flavor

symmetry. Thus, we define eµ control region to estimate the backgrounds. Table 6.3 shows

the definition of eµ control region.

Figure 6.5 - Figure 6.7 show the distributions of the various variables in the eµ control

region. These are distributions after di-lepton invariant mass selection. The data points are

drawn on top of MC samples and the Data/MC ratio is given on the bottom of the plots. As

can be seen the data is in good agreement with the MC expectation within the uncertainty.

Since the reconstructions efficiency are different for electrons and muons, the correction

factor ǫ− factor should be applied when the eµ control region distribution is applied as the

background in the signal region. ǫ− factor is defined as

ǫ2 =
Nee

Nµµ
, (6.1)
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Figure 6.4: The invariant mass of the WZ resonance distributions for data and Monte-Carlo
in ee + e channel (top left) , ee + µ channel (top right), µµ + e channel (bottom left) and
µµ+µ channel (bottom right) in events with one additional lepton with respect to the lepton
pair whose invariant mass is consistent with Z boson mass. The distributions are shown for
the range of diboson mass greater than 60 GeV. The bottom plots show the ratio of the data
and Monte Carlo.
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Table 6.3: List of selections applied at the event selection level for eµ control region.

Event Pre-Selection

All Good GRL events

Vertex with ≥ 2 tracks with pT > 1 GeV

Single lepton trigger as in section 5.2

Event Selection

High-mass selection criteria Low-mass selection criteria

Two Opposite Flavor Opposite-Sign Leptons (e+µ− OR e−µ+)

Veto of any additional lepton with Loose PID and pT > 7 GeV

76 < Mℓℓ <106 GeV

Emiss
T > 120 GeV Emiss

T > 90 GeV

∆ R (e, µ) < 1.8

∆φ (Z, Emiss
T ) > 2.7

Fractional pt difference < 0.2

Min. ∆φ (jets (100 GeV), Emiss
T ) > 0.4 Min. ∆φ (jets (25 GeV), Emiss

T ) > 0.7

ZPT
/ MTZZ

< 0.7 ZPT
/ MT < 0.9

b-jet Veto
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Figure 6.5: Kinematic distributions that are used for event selections in the eµ control region,
data and MC expectation after Z mass window cut applied : (a) Emiss

T , (b) distance between
electron and muon, (c) the opening angle between Z and Emiss

T , (d) fractional PT difference.
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Figure 6.6: Kinematic distributions that are used for event selections in the eµ control region,
data and MC expectation after Z mass window cut applied : (a) minimum opening angle
between Emiss

T and jet with pT > 100 GeV, (b) minimum opening angle between Emiss
T and

jet with pT > 25 GeV, (c) ZPT
/MTZZ

, (d) ZPT
/MT .
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Figure 6.7: Number of b-tagged jets distribution in the eµ control region, data and MC
expectation after Z mass window cut applied.

where Nee and Nµµ are, respectively, ee and µµ events with an invariant mass compatible

with Z-boson mass. Then the number of non-resonant background in the signal region is

given in the following :

N eµ
SRee =

1

2
× ǫ×Ndata,sub

eµ (6.2)

N eµ
SRµµ =

1

2
× 1

ǫ
×Ndata,sub

eµ . (6.3)

(6.4)

Where Ndata,sub
eµ is the number of eµ events in the control region subtracted with non-tt,WW ,

Wt and Z → ττ backgrounds, estimated as :

Ndata,sub
eµ = Ndata

eµ −
i
∑

non−eµbkg.

NMC
i (6.5)

A final comparison between data and MC estimation is provided in Table 6.4 for both

analyses. The systematic uncertainties are estimated from the ǫ− factor difference between

data and MC expectation. The shape is taken from the MC expectation since the data

statistics is not enough at this point.
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Table 6.4: The estimated background yields of data (MC) in the ZZ resonance and dark
matter analyses signal regions for WW/Wt/ttbar/Zττ backgrounds.

channel Background yields from eµ estimation

Lowmass analysis ee 16.9±2.8±1.0 (14.8±1.0)
µµ 20.7±3.4±1.2 (16.2±1.1)

Highmass analysis ee 3.5±1.3±0.21 (5.55±0.66)
µµ 4.2±1.6±0.25 (6.10±0.72)

6.4 Z+jets background

Z+jets background is mainly reduced by Emiss
T cut, ∆R(ℓ, ℓ) cut and ∆φ (Z, Emiss

T ) cut.

This background has significant uncertainties in the modeling of Emiss
T due to modeling of the

detector, pileup interaction and mis-measurement of jets and leptons. Therefore it is crucial

to estimate the Z+jets background with data. A so-called ABCD method is used to estimate

Z+jets background.

The ABCD method is a data-driven method technique that is used to estimate the back-

ground in signal region using the numbers of events in side-band regions. The side-band

regions are defined two dimensionally using the event selections of fractional pT difference

and ∆φ(Z,Emiss
T ). Figure 6.8 shows the definition of signal and side-band regions. These two

Figure 6.8: The signal and side-band regions in the ABCD method.

variables are chosen due to their non-correlation, as can be seen in Figure 6.9. Furthermore,

both variables have no correction with the final discriminant variables (Emiss
T and MTZZ

).

Figure 6.12-6.11 show the transverse mass distribution and Emiss
T distribution for all the

80



0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3

0

10

20

30

40

50

(a)

0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3

0

20

40

60

80

100

(b)

Figure 6.9: Two dimensional plots for ∆φ(Z,Emiss
T ) and fractional pT difference for the elec-

tron (a) and muon (b) channels. The Z mass requirement and Emiss
T > 90 GeV requirement

are applied. Horizontal : fractional pT difference, Vertical : ∆φ(Z,Emiss
T ).

regions. As can be seen in the figures, the data is in good agreement with MC expectation

after Z mass window selection and Z+jets can be enriched in the side-band regions.

The Z+jets background in the signal region is estimated by the following equation :

NSR = Nobs,sub
C × Nobs,sub

B

Nobs,sub
D

, (6.6)

whereNobs,sub
C , Nobs,sub

B andNobs,sub
D are the observed events with the non-Z+jets contribution

subtracted in region B, C and D, respectively.

Table 6.5 - 6.8 show the breakdown of the scaling factors against the selections for ZZ

resonance and dark matter analyses. The ratios are consistent between NA/NC and NB/ND

for both the electron and muon channels. Furthermore MC expectation of NB/ND is in good

agreement with data.

Table 6.9 shows the final yields of the Z+jets background estimated using the ABCD

method. The final yields include statistical and systematic uncertainties. The systematic

uncertainties are mainly caused by the NB/ND difference against various kinematic cuts.

6.5 Fake-lepton background

W+jets, semileptonic tt and single top (s- and t-channels) backgrounds can contribute to

the signal region by a mis-identifying jet as a lepton in events W boson decays leptonically.

The contribution is very small since lepton mis-identification from jet, or fake-lepton, is a

rare process. The lepton mis-identification is not accurately described in the simulation due

to rare fragmentation processes or interactions with the detector. Thus these backgrounds
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Figure 6.10: Transverse mass distributions in signal and side-band regions, (a) Region A, (b)
Region B, (c) Region C and (d) Region D, in electron channel. Z mass window cut is applied.
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Figure 6.11: Transverse mass distributions in signal and side-band regions, (a) Region A, (b)
Region B, (c) Region C and (d) Region D, in muon channel. Z mass window cut is applied.
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Figure 6.12: Emiss
T distributions in signal and side-band regions, (a) Region A, (b) Region B,

(c) Region C and (d) Region D, in electron channel. Z mass window cut is applied.
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Figure 6.13: Emiss
T distributions in signal and side-band regions, (a) Region A, (b) Region B,

(c) Region C and (d) Region D, in muon channel. Z mass window cut is applied.
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Table 6.5: Breakdown of scaling factors in the electron channel for the ZZ resonance analysis.
Only the statistical uncertainties are shown.

NA/NC [MC] NB/ND[MC] NB/ND[Data]

Z mass 0.496 ± 0.001 0.519 ± 0.001 0.5081 ± 0.0006

ZPT
/MT 0.502 ± 0.002 0.519 ± 0.001 0.5081 ± 0.0006

∆φ(jet, Emiss
T ) 0.498 ± 0.001 0.519 ± 0.001 0.5082 ± 0.0006

B-tagged jet veto 0.524 ± 0.001 0.529 ± 0.001 0.5197 ± 0.0006

Emiss
T > 30 GeV 0.462 ± 0.003 0.386 ± 0.003 0.399 ± 0.001

Emiss
T > 60 GeV 0.39 ± 0.01 0.30 ± 0.007 0.306 ± 0.004

Emiss
T > 90 GeV 0.31 ± 0.02 0.30 ± 0.02 0.25 ± 0.01

Emiss
T > 120 GeV 0.29 ± 0.06 0.35 ± 0.10 0.18 ± 0.03

dRll 1.0 ± 0.3 1.2 ± 0.9 no event left

Table 6.6: Breakdown of scaling factors in the muon channel for the ZZ resonance analysis.
Only the statistical uncertainties are shown.

NA/NC[MC] NB/ND[MC] NB/ND[Data]

Z mass 0.501 ± 0.001 0.508 ± 0.001 0.4980 ± 0.0005

ZPT
/MT 0.505 ± 0.001 0.508 ± 0.001 0.4980 ± 0.0005

∆φ(jet, Emiss
T ) 0.502 ± 0.001 0.508 ± 0.001 0.4980 ± 0.0005

B-tagged jet veto 0.527 ± 0.001 0.518 ± 0.001 0.5093 ± 0.0005

Emiss
T > 30 GeV 0.456 ± 0.003 0.375 ± 0.003 0.389 ± 0.001

Emiss
T > 60 GeV 0.38 ± 0.01 0.29 ± 0.007 0.303 ± 0.004

Emiss
T > 90 GeV 0.33 ± 0.02 0.27 ± 0.02 0.29 ± 0.01

Emiss
T > 120 GeV 0.26 ± 0.05 0.21 ± 0.05 0.26 ± 0.03

dRll 0.7 ± 0.3 22 ± 31 no event left
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Table 6.7: Breakdown of scaling factors in the electron channel for the dark matter analysis.
Only the statistical uncertainties are shown.

NA/NC[MC] NB/ND[MC] NB/ND[Data]

Z mass 0.496 ± 0.001 0.519 ± 0.001 0.5081 ± 0.0006

ZPT
/MT 1.049 ± 0.003 0.733 ± 0.002 0.7180 ± 0.0009

∆φ(jet, Emiss
T ) 1.018 ± 0.004 0.734 ± 0.002 0.7176 ± 0.0009

B-tagged jet veto 1.06 ± 0.004 0.743 ± 0.002 0.7283 ± 0.0009

Emiss
T > 30 GeV 0.626 ± 0.005 0.454 ± 0.003 0.470 ± 0.002

Emiss
T > 60 GeV 0.45 ± 0.01 0.337 ± 0.009 0.34 ± 0.005

Emiss
T > 90 GeV 0.31 ± 0.03 0.32 ± 0.03 0.28 ± 0.01

dRll 0.32 ± 0.08 0.2 ± 0.2 0.4 ± 0.4

Table 6.8: Breakdown of scaling factors in the muon channel for the dark matter analysis.
Only the statistical uncertainties are shown.

NA/NC[MC] NB/ND[MC] NB/ND[Data]

Z mass 0.501 ± 0.001 0.508 ± 0.001 0.4980 ± 0.0005

ZPT
/MT 1.043 ± 0.004 0.717 ± 0.002 0.7032 ± 0.0008

∆φ(jet, Emiss
T ) 1.089 ± 0.006 0.718 ± 0.002 0.7026 ± 0.0008

B-tagged jet veto 1.053 ± 0.004 0.727 ± 0.002 0.7133 ± 0.0008

Emiss
T > 30 GeV 0.604 ± 0.005 0.439 ± 0.003 0.456 ± 0.001

Emiss
T > 60 GeV 0.44 ± 0.01 0.33 ± 0.009 0.337 ± 0.004

Emiss
T > 90 GeV 0.34 ± 0.03 0.29 ± 0.02 0.31 ± 0.01

dRll 0.2 ± 0.1 0.2 ± 0.1 0.02 ± 0.26

Table 6.9: Final yields of the Z + jets background estimated using the ABCD method for both
ZZ resonance and dark matter analyses. The uncertainties are statistical and systematic.

electron channel muon channel

High-mass 14.8 ± 4.8 ± 9.7 14.6 ± 4.6 ± 7.0

Low-mass 23 ± 5 ± 11 16.9 ± 5.2 ± 6.7
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are determined by the data using fake-factor method. The fake-factor method estimates

fake lepton background by applying the fake-factor to data events in a control region that is

defined as requiring one electron or muon passing all the object selections and a lepton-like

jet which fails the requirements on isolation or likelihood identification. The fake-factor is the

probability ratio of a lepton and a lepton-like jet as a function of lepton η, as shown in the

following equation :

F (η) =
Ngood(η)

Nbad(η)
(6.7)

Here, Ngood (Nbad) is number of leptons (lepton-like jets). The fake factor is measured with

a Tag and Probe method using Z+jets events. Table 6.10 shows the event selections for the

Z+jets. The fake-factor is obtained as a function of η of leptons (or lepton-like jets).

Table 6.10: Event selection for Tag and Probe method with Z+jets events

Criteria Selection

Tag lepton 2 good electrons or muons

Z-reconstruction oppositely charged leptons and |Mℓℓ −MZ | < 15 GeV

Probe lepton only one extra lepton

Table 6.11 shows the final yields of the W+jets background estimations using the fake-

factor method. The final yields include statistical and systematic uncertainties. The fake-

factor is also estimated with another tag and probe method using aW+jets events, Table 6.12.

The systematic uncertainty is evaluated from the difference between W+jets definition and

Z+jets definition.

Table 6.11: Final yields of theW+jets background estimation using the fake-factor method for
both ZZ resonance and dark matter analyses. The uncertainties are statistical and systematic.

electron channel muon channel

High-mass 0.13 ± 0.03 ± 0.03 0.20 ± 0.27 ± 0.15

Low-mass 0.18 ± 0.04 ± 0.04 0.36 ± 0.46 ± 0.08
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Table 6.12: Event selection for Tag and Probe method with W+jets events

Criteria Selection

Tag lepton 1 good electron or muon

Probe lepton only one extra lepton

Emiss
T > 20 GeV
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Chapter 7

Systematic Uncertainties

This part describes the systematic uncertainties considered for the background processes.

7.1 Theoretical uncertainties

Since MC-based estimation is used for WZ and ZZ backgrounds, theoretical uncertainties

are considered as systematics.

7.1.1 WZ theoretical uncertainty estimation

The scale factor is defined as 1.25 ± 0.04 (stat) ± 0.05 (syst) estimated by 3l-CR. Here, the

systematic uncertainty of the scale factor is taken to be the largest difference found among the

average and each of the four channels. Furthermore, in the WZ background estimation, the

shape uncertainties from the variation of QCD scale and the variation of PDF are considered

since the normalization is fixed using the data yield in 3l-CR.

As the QCD scale uncertainties, the re-normalization and factorization scales are varied

by factor of 1/2 or 2. The largest variation from the nominal scale combination is treated as

systematic uncertainty.

To estimate the PDF uncertainties, the samples are re-weighted with different PDF sets.

ForWZ sample, the default PDF is CT10. The sample is re-weighted according to the weights

calculated using PDF sets of MSTW2008nlo and NNPDF. The largest variation is taken into

account as systematic uncertainty. The uncertainty on CT10 is derived by quadratically

adding up all the 52 CT10 eigenvector variations.

The uncertainty is provided as a function of the invariant mass of W boson and Z boson

system. The results of systematic uncertainty is shown in Figure 7.1.
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Figure 7.1: PDF (a) and QCD scale shape uncertainties as a function of the mass of the WZ
system.
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7.1.2 ZZ theoretical uncertainty estimation

For ZZ background, we rely on the MC prediction. Thus the cross section uncertainty on

NNLO QCD correction and EW NLO correction are considered in addition to the QCD scale

and PDF uncertainties.

The QCD uncertainties are estimated based on the variation of re-normalization and

factorization by a factor of 1/2 or 2.

The PDF uncertainties are estimated based on re-weighting nominal ZZ sample with

different PDF sets. The default PDF is CT10. The events re-weighted according to the weights

calculated using PDF sets of MSTW2008nlo and NNPDF are considered. The uncertainty

on CT10 is derived by quadratically adding up all the 52 CT10 eigenvector variations. Shape

variation due to QCD scales for ZZ background is extracted the extreme variations of the

QCD scale combinations.

Figure 7.2 shows the QCD and PDF uncertainties on ZZ background as a function of the

mass of the ZZ system.

The NNLO cross section for ZZ background is calculated for on-shell Z in final state. The

gg → ZZ background is also included in the calculation as part of NNLO calculation and

therefore it needs to be factorized. The k-factor as function ofmZZ is provided to re-normalize

the POWHEG NLO qq → ZZ sample, as shown in Equation 7.1.

k(mZZ) =
σNNLO
qq→ZZ(mZZ , µ = mZZ/2, CT10NNLO)− σLOgg→ZZ(mZZ , µ = mZZ/2, CT10NNLO)

σNLO
gg→ZZ(mZZ , µ = mZZ/2, CT10NLO)

(7.1)

Roughly 6-8% increase in qq → ZZ cross section is estimated in ZZ resonance signal region,

where about 4% come from the NNLO calculation and the rest comes from the change of

central scale with respect to the Powheg nominal values.

NLO EW corrections are also considered in addition to QCD higher order correction.

These corrections have a non-negligible effect on the pp → ZZ cross section. They are the

same size as NNLO QCD correction. The k-factor is given in figure 4.1. As the uncertainty,

the impacts of possible mixing of QCD and EW effects are considered. This uncertainty is

adopted by the same approach with ref. [71] and found to have a small impact.

7.2 Experimental uncertainties

The uncertainties on the differences that can not be fully anticipated and caused by the

detector performance are also considered as the systematic uncertainties. This section briefly

summarizes the experimental uncertainties.
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Figure 7.2: Theoretical systematic uncertainties on ZZ background due to QCD scale and
PDF variations, as a function of the mass of the ZZ resonance.
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7.2.1 Luminosity uncertainty

The uncertainty on the integrated luminosity is ±2.9% and is applied to signals and the

background estimated from MC predictions. The method is estimated with the similar one

in Ref. [72].

7.2.2 Pileup uncertainty

The pile-up re-weighting is applied to correct MC prediction to account for the data using µ

(the average number of interactions per bunch crossing) and number of vertices distributions.

The method is to assign different data µ scale values 1.0/1.0 and 1.0/1.23 and redo the pile-

up re-weighting. The differences to the nominal results (1.0/1.16) are treated as systematic

uncertainties.

7.2.3 Leptons

The systematic uncertainties for electron identification are considered for energy calibra-

tion, smearing, reconstruction and trigger efficiencies[73]. For muons, momentum calibration,

smearing, reconstruction, identification, isolation and trigger efficiency are considered as the

source for systematic uncertainties.

7.2.4 Jets

For uncertainties of jet energy scale and jet energy resolution, pT and η dependence, pile-up

conditions, flavor composition and high-pt jets are considered. Figure 7.3 and figure 7.4 show

total uncertainties of jet energy scale and jet energy resolution, respectively.

In addition, the uncertainty of JVT efficiency is considered. The detail is described in

Ref. [74].

7.2.5 Flavor tagging

A scale factor is applied to correct for the difference in b-tagging efficiencies between the

data and the simulation since the b-jet veto is applied for both Z + Emiss
T analyses. The

uncertainties for the scale factor corrections on the tagging efficiency of bottom, charm and

light jets are considered.

7.2.6 Missing transverse energy

In Z + Emiss
T analyses, we estimate the systematic uncertainties on Emiss

T soft term only

for Emiss
T since the effects on Emiss

T from other terms are automatically considered when

varying their corresponding objects uncertainties. The soft term uncertainties are obtained

representing the uncertainties from the soft term resolution effect on the direction parallel
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(a)

(b)

Figure 7.3: Final jet resolution uncertainties (a) as a function of jet pT for jets of η = 0 and
(b) as a function of η for jet pT of 25 GeV[74].
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(a)

(b)

Figure 7.4: Final jet energy scale uncertainties as a function of jet pT for jets of η = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty
is shown for the nominal data taking period with 25ns bunch spacing (a) and the early data
taking period with 50ns bunch spacing (b)[74].
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to the vector sum of hard objects pT(p
hard
T ), soft term resolution effect on the direction

perpendicular to phardT and the effect of soft term scale on the direction parallel to phardT .
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Chapter 8

Results

8.1 Likelihood definition

The mZZ
T and Emiss

T distributions are used to set limits of the ZZ resonance and the dark

matter searches, respectively. In each case, a profile-likelihood-ratio test statistic is used

to check the compatibility between the data and predictions containing an injected signal

contribution[75]. This section describes a brief introduction of limit setting method.

The statistical analysis of the data uses a binned likelihood function constructed as the

product of Poisson probability terms,

Pois(n|µS +B)
n
∏

b=1

µνsigb + νbkgb

µS +B
, (8.1)

where µ, the signal streangth parameter, multiples the expected signal yield νsigb in each

histogram bin b, and νsigb represents the background content for bin b. The dependence of

the signal and background predictions on the systematic uncertainties is described by a set

of nuisance parameters (NP) θ, which are parameterised by Gaussian priors: the latter is

used for normalization uncertainties in order to maintain a positive likelihood. The expected

numbers of signal and background events in each bin are functions of θ and µ.

The priors act to constrain the NPs to their nominal values within their assigned uncer-

tainties. They are implemented via so-called penalty or auxiliary measurements added to the

likelihood which will always increase when any nuisance parameter is shifted from the nominal

value. The likelihood function, L(µ, θ), is therefore a function of µ and θ.

The nominal fit result in terms of µ and σµ is obtained by maximizing the likelihood

function with respect to all parameters. This is referred to as the maximized log-likelihood

value, MLL. The best statistic qµ is then constructed according to the profile likelihood :

qµ = −2 ln(L(µ,
ˆ̂
θ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the parameters that maximize the likelihood,

and
ˆ̂
θ are the nuisance parameter values that maximize the likelihood for a given µ.
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In the ZZ resonance search, the compatibility (p-value) between data and the assumed

signal+background model with µ is tested using this test statistic. And any µ values that

give p-value < 0.05 are excluded at 95% confidence level (CL). The observed 95% CL upper

limit on production cross section of an additional heavy Higgs boson is then calculated as the

observed upper limit on µ multiplying the predicted ggH production cross section as well as

the branching fraction of the H → ZZ decay. The observed limit can be compared with the

expected limit derived using an Asimov data-set created as the mT distribution after profiling

the background-only model to data. In this case, the ±1σ and ±2σ bands on the expected

limits can also reported to test the compatibility between observed and expected limits. In

all cases, the Asymptotic method [75] is used to find µ corresponding to p-value of 0.05 on

the test statistic.

In the dark matter searches, the final discriminant distribution is Emiss
T . The corresponding

limits on σ(ZH → ℓℓ+ inv.) or mono-Z production cross section are calculated based on the

limits on µ depending on the cross section for different theoretical models.

8.2 Fit inputs

A combined profile likelihood fit is performed for both the electron and muon channels. For

each of these categories, the inputs to the likelihood are the final mZZ
T distributions for the

ZZ resonance and the final Emiss
T distributions for the dark matter searches.

In the ZZ resonance search, the fit range starts from 0 GeV and goes up to 1.5 TeV with

a bin size of 50 GeV in most bins, except that for mZZ
T above 700 GeV, the distribution is

binned as in order to maintain enough statistics in each high mZZ
T bins. The cut-off of 1500

GeV is chosen since the analysis is not sensitive for a ZZ resonance with mH > 1000 GeV,

and the cut-off has negligible impact on the signal and background yields. In any cases, the

overflow events are included in the last bin.

In the dark matter searches, the fit range is from 90 GeV to 1000 GeV with various bin

width. The bin boundaries are 90, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 1000

GeV, which are optimized in order to minimize the MC statistical uncertainty in each bin.

The overflow events are added into the last bin.

Systematic uncertainties are considered using the mZZ
T and Emiss

T distributions as ±1σ

variations.

As the background, the following processes are considered :

• ZZ background : The ZZ background is determined with the MC prediction, assigned

full uncertainty including theoretical and experimental uncertainties.

• WZ background : TheWZ background is determined with a partial data-driven method,

assigned with data-driven uncertainty on the normalization as well as theoretical and

experimental uncertainty on the shape.
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• Top/WW/Zττ backgrounds : The Top/WW/Zττ backgrounds are determined using

the eµ control region and the full uncertainty are extracted.

• W+jets background : The W+jets background is estimated using the fake-factor data-

driven method.

• Z+jets background : The Z+jets background contribution in the current fit is deter-

mined with the ABCD method in a fully data-driven way and the MC shape has been

used in the limit setting with considered shape uncertainty.

8.3 Results of the ZZ resonance search

This section contains the results of the ZZ resonance search. Observed and expected events

after final selection are shown in Table 8.1. No significant excess of events is observed. Fig-

ure 8.1 shows the mZZ
T distributions in the ZZ resonance signal region in the ee, µµ and

combined ee+ µµ channels, respectively.

In the absence of a significant excess, limits are set on the existence of the new physics

processes considered in this search. More specifically, upper limits on the production cross

sections of the heavy Higgs boson and RS graviton are derived at 95% CL as a function the

resonance mass using the signal region. The limits on σ(pp → H) × BF (H → ZZ) at 95%

CL as a function of mH from 300 GeV to 1 TeV are presented in Figure 8.2(a). The expected

upper limits at 95% CL on σ(pp → H) × BF (H → ZZ) of a narrow width scalar boson

decaying into ZZ are 107 and 53 fb at mH = 600 GeV and 1 TeV, respectively. The observed

limits are 69 and 37 fb for the respective mass points, and found to be consistent with the

expectation within about one standard deviation. The results are also interpreted as a search

for a RS graviton. The limits on σ(pp → G∗) × BF (G∗ → ZZ) at 95% CL as a function of

mG∗ from 600 GeV to 1.2 TeV are shown in Figure 8.2(b). The predicted G* cross sections

are also given in the figure, and the production of this particle is excluded up to 1.03 TeV

using data and 1 TeV using the background-only expectation.

8.4 Results of the dark matter search

The Emiss
T distributions after applying full event selections and with ZH → ℓℓ+ inv. signals

overlaid in signal regions are shown in Figure 8.3. The corresponding yields in signal regions

for each background and signal are summarized in table 8.2. Since a significance excess does

not exist, limits are set on the dark matter searches. The dark matter signal region is used to

place the 95% CL limits on the production cross section of mono-Z signatures with different

DM and mediator masses and ZH signal processes with the Z → ℓℓ and H → invisible decays.

The cross section limit on the production of invisibly decaying Higgs boson associated with
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Table 8.1: Observed data yields, signal expectations and estimated background contribution
corresponding to 13.3 fb−1 in the ZZ resonance signal region. The first and second errors
represent the statistical and systematic uncertainties, respectively. The systematic uncertain-
ties of the MC-based predictions include the luminosity uncertainty. The total background
prediction is given in the last row. The statistical uncertainty of the total background predic-
tion is calculated as the quadratic sum of the statistical uncertainties from each background
processes. To mimic the actual level of correlation between systematic uncertainties of each
process, in the calculation of the systematic uncertainty of the total background estimate,
the systematic uncertainties of MC-based estimates of the qq → ZZ and tt̄V/V V V back-
grounds are first summed linearly and then quadratically combined with those uncertainties
of predictions of other background processes.

ZZ Resonance Signal Region ee µµ

Data 147 145

Signals
Heavy Higgs (mH = 300 GeV) 17.9 ± 0.6 ± 1.3 19.4 ± 0.6 ± 1.7
Heavy Higgs (mH = 600 GeV) 29.6 ± 0.3 ± 1.6 28.5 ± 0.3 ± 2.1
Heavy Higgs (mH = 1 TeV) 2.53 ± 0.03± 0.15 2.29 ± 0.02± 0.19
RS graviton (mG∗ = 600 GeV) 63.0 ± 1.3 ± 4.7 60.2 ± 1.2 ± 5.4

Backgrounds
qq → ZZ (MC-based) 69.2 ± 1.3 ± 4.2 72.6 ± 1.3 ± 5.5
gg → ZZ (MC-based) 4.3 ± 0.1 ± 2.6 4.4 ± 0.1 ± 2.6
WZ (Data-driven) 35.3 ± 1.0 ± 2.6 39.9 ± 1.2 ± 2.6
Z(→ ee, µµ)+jets (Data-driven) 14.8 ± 4.8 ± 9.7 14.6 ± 4.6 ± 7.0
non-resonant-ℓℓ (Data-driven) 3.5 ± 1.3 ± 0.2 4.3 ± 1.6 ± 0.3
fake-lepton (Data-driven) 0.13 ± 0.03± 0.03 0.20 ± 0.27± 0.15
tt̄V/V V V (MC-based) 0.51 ± 0.02± 0.04 0.48 ± 0.02± 0.05

Total background 128 ± 5 ± 11 136 ± 5 ± 10
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(a) (b)

(c)

Figure 8.1: MZZ
T distribution in the ZZ resonance signal region for the (a)ee, (b)µµ and

(c)combined ee+µµ channels. The stacked histograms represent the background predictions,
while the blue, pink and cyan curves give the predicted signal distributions for a heavy Higgs
boson with mH = 300, 600 and 1000 GeV, respectively. The total uncertainty of the back-
ground expectation is shown in the gray shaded band. The number of entries in each bin
corresponds to the number of events per 50 GeV.
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(a)

(b)

Figure 8.2: Limits on σ(pp→ ZZ)×BF (X → ZZ)(X = H,G∗) at 95% CL for (a) a narrow-
width, heavy Higgs boson produced via gluon-gluon fusion and for (b) a RS graviton produced
with κ/M̄P l = 1(b). The green and yellow bands give the ±1σ and ±2σ uncertainties of the
expected limits, respectively. The predicted production cross-sections as a function of the G∗
mass are shown in the blue solid line.
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a Z boson is further interpreted as the upper limit on the branching fraction of the H →
invisible decay with mH = 125 GeV.

Table 8.2: Observed data yields, signal expectations and estimated background contribution
corresponding to 13.3 fb−1 in the dark matter search signal region. The first and second errors
represent the statistical and systematic uncertainties, respectively. The systematic uncertain-
ties of the MC-based predictions include the luminosity uncertainty. The total background
prediction is given in the last row. The statistical uncertainty of the total background predic-
tion is calculated as the quadratic sum of the statistical uncertainties from each background
process. To mimic the actual level of correlation between systematic uncertainties of each
process, in the calculation of the systematic uncertainty of the total background estimate, the
systematic uncertainties of MC-based estimates of the qq → ZZ and tt̄V/V V V backgrounds
are first summed linearly and then quadratically combined with uncertainties of predictions
of other background processes.

Dark Matter Search Signal Region ee µµ

Data 220 236

Signals
ZH (mH = 125 GeV) with BF(H → inv.)=100% 40.5± 1.2 ± 4.1 41.7 ± 1.2 ± 4.4
Mono-Z (mDM = 1 GeV, Mmed = 10 GeV) 175 ± 24 ± 14 169 ± 21 ± 22
Mono-Z (mDM = 50 GeV, Mmed = 300 GeV) 43.7± 2.3 ± 2.8 49.1 ± 2.6 ± 4.2

Backgrounds
qq → ZZ (MC-based) 95.0± 1.5 ± 5.8 102.1± 1.6 ± 8.0
gg → ZZ (MC-based) 5.6 ± 0.1 ± 3.3 5.7 ± 0.1 ± 3.4
WZ (Data-driven) 44.0± 1.1 ± 3.3 50.5 ± 1.2 ± 3.3
Z(→ ee, µµ)+jets (Data-driven) 23 ± 5 ± 11 16.9 ± 5.2 ± 6.7
non-resonant-ℓℓ (Data-driven) 16.9± 2.8 ± 1.0 20.7 ± 3.4 ± 1.2
fake-lepton (Data-driven) 0.18± 0.04± 0.03 0.36 ± 0.46± 0.08
tt̄V/V V V (MC-based) 0.44± 0.02± 0.06 0.43 ± 0.02± 0.06

Total background 185 ± 6 ± 13 196 ± 7 ± 12

Table 8.3 shows the 95% CL upper limits on the production cross section of the Z(→
ℓℓ)H(→invisible) processes and the H → invisible decay branching fraction. Figure 8.4 shows

a distribution of the confidence levels corresponding to each value of upper limits on σ(Z(→
ℓℓ)H(→ invisible)) normalized by the SM prediction of the ZH production cross section

scanned from 0 to 1.4. The shown confidence levels can be interpreted as that on the upper

limits of BF(H → invisible), for the region with the x-axis value less than one. The expected

and observed upper limit on BF(H → invisible) at 95% CL is 65% and 98%, respectively.

The observed limit is larger than expectation, and this is caused by the moderate data excess

in the Emiss
T distributions in both the ee and µµ channels, as shown in Figure 8.3.

Since we observe sizable data/MC discrepancy in Emiss
T distribution, especially in 90 - 100

GeV bin, some dedicated studies have been done to check the origin and the properties of
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(a) (b)

(c)

Figure 8.3: Emiss
T distributions in the dark matter search region for the (a)ee, (b)µµ and (c)

combined ee + µµ channels. The stacked histograms represent the background predictions,
while the blue, pink and cyan curves give the predicted signal distributions for the ZH →
ℓℓ + inv. process, and the mono-Z signatures with (mX = 1 GeV, mmed = 10 GeV) and
(mX = 50 GeV, mmed = 300 GeV), respectively. The total uncertainty of the background
expectation is shown in the gray shaded band. The number of entries in each bin corresponds
to the number of events per 10 GeV.
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these events. This study is described in Appendix C.3.

Table 8.3: The 95% CL upper limits on σ(Z(→ ℓℓ)H(→ inv.)) and branching fraction of
the H → inv. decay. Both expected and observed limits are given, and the ±1σ and ±2σ
variations of the expected limits are provided as well.

Limits on σ(Z(→ ℓℓ)H(→ inv.)) [fb] Limits on BF(H → inv.)
Expected Observed Expected Observed

Central Value 58 88 65% 98%
(−1σ,+1σ) (41, 83) (46%, 93%)
(−2σ,+2σ) (30, 115) (34%, 100%)

Figure 8.5 shows the exclusion limits for the mono-Z signals with a vector mediator and

coupling parameters gX = 1.0 and gq = 0.25 in two-dimensional phase space of dark matter and

mediator masses (mX and mmed). The 2-dimensional contours are produced by interpolating

between the cross section limits derived from a limited number of MC samples, and this causes

the resulting contours to be slightly non-smooth.
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Figure 8.4: Confidence levels corresponding to upper limits on σZH × BF (H →
inv.)/σSMZH (with mH = 125 GeV) scanned from 0 to 1.4. The expected and observed con-
fidence levels are shown as the dashed black and solid black lines, respectively. The green
and yellow bands give the ±1σ and ±2σ uncertainties of the expected confidence levels, re-
spectively. The shown confidence levels can be interpreted as those on the upper limits on
BF(H → inv.), for the region with the x-axis value less than one. The 95% CL upper limit
on BF(H → inv.) can be read from the crossing points between the dashed blue 95% CL line
and the respective confidence level curve.

107



Figure 8.5: Exclusion limits for mono-Z dark matter signals with vector mediator and coupling
parameters gx = 1.0 and gq = 0.25 in the 2-dimensional phase space of dark matter and
mediator masses (mX and mmed). The dashed gray line indicates the kinematic threshold
where the mediator can decay on-shell into dark matter. The region below the dashed blue
line is excluded at 95% CL based on the background only expectation, and the green band
gives the 1 σ uncertainty of the expected exclusion limits. The phase space circled by the solid
black line is excluded using data at 95% CL. The 2-dimensional contours are produced by
interpolating between the cross section limits derived from a limited number of MC samples,
and this causes the resulting contours to be slightly non-smooth.
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Chapter 9

Conclusion

We have searched for physics beyond the standard model with a final state containing a Z

boson and invisible particles. The analyses are especially optimized to address three searches

: (1) new heavy particle resonances decaying to the ZZ → ℓℓνν final state; (2) the decay

of the 125 GeV/c2 Higgs boson to invisible particles in the production channel pp → ZH

with Z → ℓℓ; and (3) production of dark matter particles in association with a Z boson with

Z → ℓℓ. The analysis has been performed using proton-proton collisions at a center-of-mass

energy of 13 TeV corresponding to an integrated luminosity of 13.3 fb−1 collected with the

ATLAS detector at the LHC.

No significant deviations from the Standard Model expectations are observed. We thus

have placed constraints on new physics effects. For the new heavy resonance search, upper

limits on the production cross section of a bulk Rundall-Sundrum graviton and the masses

smaller than 1.03 TeV are excluded at the 95% confidence level (CL). An upper limit is also

set on the branching fraction of the Higgs boson decays to invisible particles to be 98.2% at

the 95% CL. Finally exclusion limits are placed on the dark matter production through a

vector mediator in a 2-dimensional phase space of dark matter and mediator masses.
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Appendix A

Distribution of variables used in

event selection for events with

Emiss
T > 120 GeV

This appendix contains plots to show the variables used in the event selection applying the

cut on the missing transverse energy Emiss
T > 120 GeV.
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Figure A.1: Missing transverse energy distribution in the (a) electron channel and the (b)
muon channel.
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Figure A.2: Distance between leptons (∆Rll) in the (a) electron channel and the (b) muon
channel.
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Figure A.3: Fractional pT difference distributions in the (a) electron channel and (b) muon
channel.
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Figure A.4: ∆φ(Z,Emiss
T ) distributions in the (a) electron channel and (b) muon channel.
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Figure A.5: Minimum ∆φ(jets, Emiss
T ) distributions with events that have jets with pT >

100 GeV (top two plots) or with pT > 25 GeV in the electron channel (left two plots) and
muon channel (right two plots). The events which do not have jets are added to the overflow
bin.
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Figure A.6: pZT/m
ZZ
T distributions in (a) the electron channel and (b) the muon channel.
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Figure A.7: pZT/mT distributions in (a) the electron channel and (b) the muon channel.
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Figure A.8: Number of b-tagged jets distributions in (a) the electron channel and (b) the
muon channel.
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Appendix B

Data-driven estimation of

ZZ → ℓℓνν background using

WZ → ℓνℓℓ

B.1 Introduction

The ZZ → ℓℓνν process is the dominant background in both Z + Emiss
T analyses. In current

status, ZZ → ℓℓνν is estimated with MC prediction for both shape and normalization as

described in section 7.1. Since the theoretical uncertainty of the ZZ background has large

impact on the limit, it is preferred to replace the current estimation with data-driven estima-

tion. If the data-driven method is difficult to adopt the analyses, MC prediction should be

confirmed with data using control region.

An idea is to use 3l-CR for estimation of ZZ background. Kinematics of ZZ and WZ

is expected to be similar due to the similar production diagrams, thus 3l-CR can be used to

estimate of ZZ → ℓℓνν background with data once we have enough statistics. In this method,

lepton fromW boson decay is treated as missing transverse momentum. With limited amount

of data, this control region can be used to validate the ZZ → ℓℓνν MC-based estimation.

B.2 Shape comparison and consideration of the correction

First of all, we tried to compare WZ → ℓνℓℓ in 3l-CR with ZZ → ℓℓνν with events that

pass the Z boson mass requirement and third-lepton veto. Figure B.1 - figure B.2 show the

comparison between WZ → ℓνℓℓ MC and ZZ → ℓℓνν in events applying Z mass requirement

and third-lepton veto.

As can be seen in these plots, the large differences appear in distributions used for event

selection, for example, ∆Rℓℓ, ∆φ(Z,E
miss
T ), fractional pT difference. Thus the method needs

the function to correct the difference between WZ → ℓνℓℓ and ZZ → ℓℓνν. In the ZpT dis-
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Figure B.1: WZ → ℓνℓℓ in 3l-CR and ZZ → ℓℓνν in signal region compared for (a) Z boson
pT, (b) ∆Rℓℓ, (c) ∆φ(Z,E

miss
T ) and (d) fractional pT difference. The events are applied with

Z mass requirement and third-lepton veto.
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Figure B.2: WZ → ℓνℓℓ in 3l-CR and ZZ → ℓℓνν in signal region compared for (a) Emiss
T

and (b) transverse mass of di-boson resonance. The events are applied Z mass requirement
and third-lepton veto.

tribution, WZ → ℓνℓℓ process is larger than ZZ → ℓℓνν process in the high ZpT region. This

difference is caused by ŝ difference between WZ and ZZ processes from the mass difference

between W and Z. For the other distributions, the reason of the difference can be considered

the same since these variables are chosen to separate the signal and ZZ → ℓℓνν background

using their ŝ difference. Thus, we take the transverse momentum of di-boson resonance as a

correction function to directly correct for the ŝ difference. Figure B.3 shows the transverse

momentum of di-boson resonance. The correction function is a bin-by-bin re-weighting of the

di-boson pT distribution.

Figure B.4 - Figure B.5 show distributions with the correction applied. For most of

variables, the difference is smaller than without the correction. In low Emiss
T and mT regions,

the difference still exist. However, most of the events after all event selections are populated

in high Emiss
T and mT regions, and therefore the difference can be ignored.

Figure B.6 - figure B.7 show the comparison between data in 3l-CR subtracted all the

contribution except for WZ and ZZ → llνν in events applying Z mass requirement and

third-lepton veto. The behavior is really similar to comparison between simulations as shown

in figure B.4 - figure B.5.
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Figure B.3: WZ → ℓνℓℓ in 3l-CR and ZZ → ℓℓνν in signal region compared for transverse
momentum of di-boson resonance. The events are applied with Z mass requirement and
third-lepton veto.

B.3 Results

Figure B.8 shows the final Emiss
T distribution with applying all requirements developed for

the Higgs invisibly decaying analysis and the final mZZ
T distribution with applying all those

the high mass Higgs analysis. The data have very similar in shape to the ZZ MC prediction.

However, the statistics is not enough to compare the shapes in high Emiss
T and mZZ

T regions.

The shape difference between ZZ and WZ may be present, since WZ → ℓνℓℓ process can be

produced via s-channel in addition to t-channel. If the shapes turn out not in good agreement

with each other as we collect more data, we need to develop different function.
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Figure B.4: WZ → ℓνℓℓ in 3l-CR and ZZ → ℓℓνν in signal region compared for (a) Z boson
pT, (b) ∆Rℓℓ, (c) ∆φ(Z,E

miss
T ) and (d) fractional pT difference. The events are applied with

Z mass requirement and third-lepton veto.
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Figure B.5: WZ → ℓνℓℓ in 3l-CR and ZZ → ℓℓνν in signal region compared for (a) Emiss
T

and (b) transverse mass of di-boson resonance. The events are applied Z mass requirement
and third-lepton veto.
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Figure B.6: The data in 3l-CR with all the MC contributions subtracted except for WZ pro-
cess and ZZ → ℓℓνν in signal region compared for (a) Z boson pT, (b) ∆Rℓℓ, (c) ∆φ(Z,E

miss
T )

and (d) fractional pT difference. The events are applied Z mass requirement and third-lepton
veto. Di-boson pT re-weighting is applied.
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Figure B.7: The data in 3l-CR with all the MC contributions subtracted except for WZ
process and ZZ → ℓℓνν in signal region compared for (a) Emiss

T and (b) transverse mass
of di-boson resonance. The events are applied Z mass requirement and third-lepton veto.
Di-boson pT re-weighting is applied.
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Figure B.8: The data in 3l-CR with all the MC contributions subtracted except for WZ
process and ZZ → ℓℓνν in signal region compared for (a) Emiss

T and (b) transverse mass
of di-boson resonance with di-boson pT re-weighting. For Emiss

T distribution, all the dark
matter searches event selections are applied. For mZZ

T distribution, all the ZZ resonance
event selections are applied.
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Appendix C

Study of Emiss
T distribution in 90 -

100 GeV

Since we observe a sizable data/MC discrepancy in the Emiss
T distribution, especially in 90

- 100 GeV bin, additional dedicated studies have been done to check the origin and the

properties of these events.

C.1 Signal region plots for different period of Data

We split the data into two subsets : period A + B and period C + D, and check the kine-

matic distributions in these subsets. The results are shown in Figure C.1 for period A + B,

Figure C.2 for period C + D. We observed a good data/MC agreement for period A and B

only, slightly worse agreement for period C and D data. In data taking, period C and D tend

to have higher pileup which may cause the data/MC discrepancy.

C.2 Events in first Emiss
T bin

We studied the events with 90 GeV < Emiss
T < 100 GeV to more detail checking the kinematic

distribution. The results are shown in Figure C.3. Event excess comes in 0-jet bin, and the

kinematics of these events are compatible with Z + jets events.

C.3 ZH → ℓℓ + inv. distribution excluding the events in the

first ET
T bin

To evaluate how the excess in the first Emiss
T bin affects the final results, we fit and derived

the limit excluding the events in the first Emiss
T bin. The resulting limits for the two cases are

shown in Table C.1. No major differences is observed between the two cases.

125



E
ve

nt
s

0

10

20

30

40

50

60

70

80

90 ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννee→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

 [GeV]llM
60 70 80 90 100 110 120 130 140 150

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(a)

E
ve

nt
s

0

20

40

60

80

100
ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννµµ→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

 [GeV]llM
60 70 80 90 100 110 120 130 140 150

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(b)

E
ve

nt
s

0

20

40

60

80

100

ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννee→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

 [GeV]ZPt
0 100 200 300 400 500 600 700

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(c)

E
ve

nt
s

0

20

40

60

80

100

120
ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννµµ→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

 [GeV]ZPt
0 100 200 300 400 500 600 700

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(d)

E
ve

nt
s

0

10

20

30

40

50

60

70

80

90
ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννee→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

Number of jets
0 1 2 3 4 5 6 7 8 9 10

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(e)

E
ve

nt
s

0

20

40

60

80

100
ATLAS Work in progress

-1 = 13TeV, 13.3 fbs

ννµµ→ZZ→H

Data W + jets
ggZZ WW
ZZ WZ
Single top ttX
ttbar Z + jets
ggH(300) ggH(600)
ggH(1000) ZHinv

Number of jets
0 1 2 3 4 5 6 7 8 9 10

D
at

a/
S

M
 P

re
d.

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(f)

Figure C.1: (a) and (b) Z mass distribution, (c) and (d) pZT distribution, (e) and (f) number
of jets distribution for ee and µµ channels, respectively after full event selection. The data
are from 2016 period A and B. All the backgrounds are estimated from MC samples.
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Figure C.2: (a) and (b) Z mass distribution, (c) and (d) pZT distribution, (e) and (f) number
of jets distribution for ee and µµ channels, respectively after full event selection. The data
are from 2016 period C and D. All the backgrounds are estimated from MC samples.
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Figure C.3: (a) and (b) Z mass distribution, (c) and (d) pZT distribution, (e) and (f) number
of jets distribution for ee and µµ channels, respectively after full event selection. All the
backgrounds are estimated from MC samples.
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Table C.1: The 95%CL upper limits on BR(H → inv.) for ee+µµ combined channel with
the assumption of the Higgs boson is produced via SM qq → ZH process. The limits are
derived in two cases: including events in first Emiss

T bin and excluding. Both observed and
expected limits are shown in table along with ±1σ and ±2σ error bands of expected limits.
Both systematic uncertainties and statistical uncertainties are included in the fit.

Mass points Exp. Limits Exp. +2σ Exp. +1σ Exp. −1σ Exp. −2σ Obs. Limits

Include first Emiss
T bin

125 GeV 0.651103 1.28579 0.928875 0.460491 0.339554 0.982059

Exclude first Emiss
T bin

125 GeV 0.611507 1.21961 0.876266 0.432004 0.318242 0.976944
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