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ABSTRACT

The discovery of a Higgs boson by the ATLAS and CMS experiments at the
Large Hadron Collider (LHC) at CERN in 2012 marked the beginning of a new era
of experimental particle physics research through studies of the properties of this
new particle. It is extremely important to determine the new particle’s the quantum
numbers - spin and parity, and to measure its couplings to fermions and vector bosons
to confirm if the newly discovered particle is the Higgs boson predicted almost 50 years
ago by the Standard Model (SM) of particle physics. In the SM, the Higgs boson
is a scalar particle with positive parity (J© = 0%). It is responsible for generating
masses for all the massive particles in our universe through the electroweak symmetry
breaking mechanism.

This dissertation presents the measurements of the quantum numbers and cou-
plings of the newly discovered boson using data collected in proton-proton collisions
at the center-of-mass energies (1/s) of 7, 8 and 13 TeV at the LHC by the ATLAS
experiment during 2011-2012 and 2015-2016. The measurements are conducted with
four-lepton (4/) final state, where leptons are electrons and muons, which are pro-
duced from the cascade decay chain of the Higgs boson to the Z boson pair (ZZ*) in
the reaction of pp - H — ZZ* — 4.

In the determination of the new particle’s spin and parity, data is compared with
different theoretical hypotheses using multivariate analysis approach. The SM Higgs
boson prediction is tested against non-SM spin and parity hypotheses, including spin-
0 and spin-2 models with universal and non-universal couplings to fermions and vector
bosons. Data is in favor of the SM Higgs boson predicted quantum numbers, and
all tested alternative models are excluded at more than 99.9% confidence level (CL)
combining diboson decay channels using data collected at /s = 7 and 8 TeV with a
total integrated luminosity of 25 fb=.

The Higgs boson coupling measurement is made by selecting inclusive four-lepton
events from Higgs boson decays. These events are further divided into different cat-
egories based on the associated jet production and lepton kinematic distributions of
the events. Each category is designed to have good sensitivity to certain Higgs pro-
duction mechanism. The Boosted-Decision-Tree multivariate analysis technique has

been developed and used in event categorization. The likelihood fit technique is used

xviil



to compare kinematic distributions of the selected four-lepton events with different
coupling scenarios to determine the coupling strength and compared to the SM pre-
dictions. Using data collected at /s = 13 TeV with a total integrated luminosity
of 36.1 fb~1, The Higgs to vector boson and fermion couplings are measured with
precision of 15% and 40%, respectively.

Many theoretical models beyond the SM (BSM), such as the two-Higgs-doublet
model and the electroweak singlet model, predicted the existence of additional Higgs
bosons at higher mass range. A search for BSM high mass Higgs boson has been
performed using the data collected at /s = 13 TeV with a total integrated luminosity
of 3.2 fb~!, and no evidence of an additional Higgs boson has been observed in the
four-lepton mass spectrum. Upper limits at the 95% CL are set on the production
cross section times branching ratio of a heavy scalar boson decaying to four leptons.

This search results will also be presented in this dissertation.

Xix



CHAPTER I

Introduction

What are the fundamental building blocks of matter and their interactions are
basic questions to answer in the endeavor to understand the universe we live in. The
Standard Model (SM) of particle physics [1, 2, 3], developed in the early 1960s based
on gauge invariance principle, is the theory aiming to answer these questions. It
has been very successful in explaining experimental results and precisely predicted a
wide variety of phenomena. Thus, the SM is established as a well-tested theory in
particle physics. In the SM, quarks and leptons are the fundamental building blocks
of matter, and they interact through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak interactions, and the
gluons for strong interactions. The electromagnetic and weak interactions are unified
in the SM, referred as the electroweak theory. Although the predictions of the SM have
been extensively confirmed, the origin of all the particle masses remains a mystery
since the mass terms in the theory framework will break the gauge invariance.

In 1964, Robert Brout, Francois Englert and Peter Higgs independently proposed
a theoretical mechanism in the SM to explain how the W and Z bosons acquire mass
by applying spontaneous symmetry breaking mechanism to the electroweak theory
through a complex scalar doublet field [4, 5, 6, 7]. The fermions can also acquire mass
through the Yukawa interaction with this scalar field. The corresponding particle of
this field is a neutral scalar particle, called Higgs boson. The mass of the SM Higgs
boson my is a free parameter in the theory, while all properties of the Higgs boson
are precisely predicted by the theory once my is known. There are just a few theory
constraints on the my under different assumptions. General theoretical considerations
suggest that the my should be smaller than 1 TeV [8, 9, 10, 11], while precision
electroweak measurements further constrained my < 152 GeV at 95% confidence
level (CL) [12].



Over the past two decades, direct searches for the Higgs boson have been carried
out at collider experiments. Prior to the LHC, experiments at the Large Electron-
Positron (LEP) collider excluded the Higgs boson with my range below 114.4 GeV
at 95% CL [13]; and experiments at the Tevatron proton-antiproton collider excluded
the Higgs boson in a mass range of 162 ~ 166 GeV at 95% CL [14], but detected an
excess of events in the mass range of 120 ~ 135 GeV [15, 16, 17]. Search for the SM
Higgs boson is one of the primary physics motivations for the LHC experiments [18].
In 2012, a new boson with a mass of about 125 GeV was discovered by both the
ATLAS and CMS experiments at the LHC [19, 20]. The discovery was made in the
Higgs boson search physics program and based primarily on the H — 7+ channel,
and the H — ZZ* — 44 (¢ denotes an electron or a muon) channel, where one or two
of the Z bosons are produced off-shell.

This discovery opened a new era of studying particle physics to advance our under-
standing of electroweak symmetry breaking through the measurements of the proper-
ties of this new particle. The measurements of the Higgs boson properties have been
carried out in LHC Run 1 and in the on-going LHC Run 2 with increasing of preci-
sion and in many aspects such as the Higgs boson mass, spin, parity, production cross
section, couplings, and Higgs decay width. The measured results are all found being
consistent with those predicted from the SM Higgs boson. In the meanwhile, there
are also extensive searches carried out in various final states looking for additional
new scalar particles, which is predicted by several Beyond Standard Model (BSM)
theories, such as the two-Higgs doublet model (2HDM) [37] and the electroweak sin-
glet model (EWS) [119]. This dissertation will focus on the determination of the
Higgs boson spin and parity and the measurement of the Higgs couplings using the
H — Z7Z* — 40 decay channel. The final results will be presented in combining with
several other Higgs decay channels. Search for new scalar particles in high mass scale
with the four-lepton final state will be presented in this thesis as well.

The dissertation is organized as follows. Chapter II gives a brief summary of the
Standard Model of particle physics and the LHC phenomenology in particular focused
on the Higgs boson. An overview of the the LHC and the ATLAS detector will be
briefly described in Chapter III. General information on ATLAS event reconstruction
will be covered in Chapter IV. The event selection of the H — ZZ* — 4{ decay
channel is presented in Chapter V. Then, the statistical modeling and procedures
used in the analysis are presented in Chapter VI. The following two Chapters VII
and VIII give descriptions on the determination of the Higgs boson spin and parity,

and the measurement of the Higgs couplings, with the H — ZZ* — 4/ channel and in



combining several Higgs decay channels. Chapter IX reports the results of the search
for additional high mass Higgs bosons. Finally, the dissertation ends with a summary
and outlook of the Higgs boson property measurements with the ATLAS detector as
the last Chapter X.



CHAPTER 11

Theory

2.1 The Standard Model of Particle Physics

The SM of particle physics is a theory describing the elementary particles and
their interactions, which has been very successful in explaining and predicting a wide
variety of experimental results. The elementary particles and their quantum numbers
of the SM is shown in Figure 2.1 [21].

The quarks and leptons are the basic building blocks of matter. They all have spin
1/2 and are referred to as fermions. There are six kinds of quarks: up, down, strange,
charm, bottom and top, and as shown in Figure 2.1, they form in three generations
of doubles. Up, charm and top quarks have electric charge of 2/3 e, and others have
electric charge of -1/3 e, where e is the magnitude of the electron’s electric charge.
Each quark flavor comes in three colors, and another quantum number that all quarks
carry is baryon number B. The flavor of leptons also comes in three generations of
doubles. The electron (e), muon (u), tau (7) all have electric charge of -e, while the
corresponding neutrino does not carry any electric charge. A lepton number (L) can
be assigned to each generation, which is experimentally found to be conservative. All
the listed elementary particles have the corresponding anti-particles, which have the
same mass and spin but opposite other quantum numbers.

In addition to quarks and leptons, there are force carrier particles in the SM, which
are vector bosons with the spin quantum number equals to one (spin-1) as described

below:
e photon (7, mass-less, electromagnetic force carrier),
e W¥ and Z boson (massive, weak force carriers),

e Eight gluons (g, mass-less, strong force carriers).
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Figure 2.1: Elementary particles in the Standard Model of particle physics.

There are four types of fundamental forces observed in nature so far: gravity, elec-
tromagnetism, weak and strong interactions. The gravity is not included in the SM.

To describe the elementary particles and their interactions, the SM is formulated
with three internal symmetries represented by U(1) x SU(2) x SU(3). Under these
symmetry transformations, the physics law (represented by Lagrangian of the theory)
is invariant, which is called gauge invariant. U(1) x SU(2) is the symmetry related to
the unified electroweak interactions for all the quarks and leptons, and SU(3) is the
symmetry associated with the particle interactions mediated by gluons. Under this
theoretical framework based on gauge invariant all the particles must be massless,
which is in contradiction with observations. To solve this theoretical problem the
Higgs mechanism which predicts the existence of a neutral scalar, the Higgs boson,
is introduced to explain the generation of mass through the electroweak symmetry
breaking. On July 4, 2012, a new particle was discovered by the ATLAS [22] and
CMS [23] experiments at CERN in the search for the Higgs boson program. In
the years that followed, the ATLAS and CMS experiments have been measuring the
properties of this new particle, and so far the results from the measurements are all
consistent with the predicted Higgs boson in the SM [24, 25].

It is commonly believed that the SM is incomplete. For example the neutrinos
are massless particles in the SM. However, the experimental discovery of neutrino
oscillations by the Super-Kamiokande Observatory [26] and the Sudbury Neutrino
Observatory [27] has demonstrated that neutrinos have non-zero masses, although,

tiny masses. More importantly, the SM cannot explain what is dark matter in our



universe observed in astrophysics experiments. There are many deeper theoretical
questions that SM cannot answer. Therefore search for new physics beyond SM is
another high priority in experiments at the LHC. The newly discovered Higgs boson

is a bridge to allow us to explore the new territory in particle physics research.

2.1.1 The Lagrangian of the Standard Model

The theoretical framework is built with Lagrangian which includes particle mo-
tion dynamics and conservation laws observed in nature. The conservation laws are
represented by invariance of the Lagrangian under symmetry transformations. The
Lagrangian of the SM, which describes the elementary particles and their interaction,

can be written as

LSM = Lgauge + Lfe'rmion + LHiggs + LYukawaa (21>

where Lgqg. term describes the gauge field tensor of the force carrier vector-bosons

(Gluons, W, Z and photon) and kinematics, which is written as

1 v 1 v 1 v
Lgauge - _ZGGMVGg — ZWaNVW(f - ZBMVBM , (22)

where the non-Abelian vector potential can be written W (a = 1,2,3 for SU(2), and
1,2,...8 for SU(3)), then the field tensor is defined as

W = W) — "W + g WIW? (fabe are structure constants); (2.3)

the fermion term L fepmion describes the fermion (f) kinematics and interactions with

gauge bosons and is written as:

Lfermion = Z f_?:’}/‘uD‘uf, (24)

f=Lr,LrR,QL,uR,dr

where v# is the Dirac matrices and D, is covariant derivative operator, which will be

discussed later in this section; the Lagrangian of the Higgs section is given by

LHiggs = (Du¢)T(DH¢) - V(¢)7 (25)



which describes the Higgs field kinematic and potential energies; and the interaction

term of matter particles with the Higgs field is given by

Lgukawa = 04Qrodr + guQrocur + Herm. conjugate (2.6)

which are associated with the Higgs mechanism, will be discussed in Section 2.1.2.
In the SM, the ferminons form left-handed weak-isospin doublet and right-handed

weak-isospin singlet. For simplicity, we describe the theory for the first generation

of leptons, which is easy to generalize to the second and third generations. The first

generation of leptons can be writtin as

L= (ZL) (2.7)

Re - (6R> (28)

The left and right handed states are defined by

1— 5
er = T e (2.9)
2
1 — 5
vy =1y (2.10)
2
1 5
en=—1 (2.11)
2
0 I
where 7° is a 4 x 4 matrix 221 and 15,5 represents the two-dimensional unit

[2><2
matrix. Similarly, the first generation of quarks are written as:

QL= (Zi)ﬂmdn (2.12)

In order to maintain the theory invariant under gauge transformations in internal
space of U(1) x SU(2) x SU(3), the covariant derivative operator is introduced as:
T A?

Y . i a
p=0"—igi—B, —iga W, —ig3—G (2.13)

D
2 2 2 H



where Y, 7%, and A* are the generators for the U(1), SU(2) and SU(3) gauge symmetry
groups, B, W; and G, are gauge boson fields, and g1, g2 and g3 are coupling constants
between fermion and gauge fields. Then, the Lagrangian for the fermions can be
written as in Equation 2.4. We further define the gauge fields W+ and W0 as:

Wt = (-W'+iW?)/v2
W™= (=W —iw?)/v2 (2.14)
WO — W3
and define the neutral gauge fields A, and Z, as:

_ gQBu + 91WS

# /2 2

7 _ 1B, + gaW)

N R

and group the coupling constants as

A

(2.16)

the Lagrangian to describe the interaction of the first generation fermion with the

force-carrier particles photons (A,), W%, Z° and gluons (G,) is written as

Lfermion = Z le(f,ny)AM

f:’/e ,€,U,d

coile Z []C_LVMJCL(TJ§ - QfSinQ‘L)w) + fRV“fR(—QfSinQQW)]Zu
w f=ve,e,u,d (217>

+£[(QL7”dL + Dery!er)W, + Herm. conjugate]

V2
g3 _ a a
D) E C]oﬁ”\aﬂ%Gu

q=u,d

where A is a 3 x 3 matrix in the SU(3) color space. This Lagragian can apply to the
second or third generation by replacing (ve,e,u,d) — (v, p, ¢, s) or (ve,e,u,d) —
(vr, 7,t,0).



The gauge transformations under the local U(1) symmetry are
—ia(z) —2ia(x) 2
L.—e L., R, — e R., B, — B, + —0,a(x),
g1
and under the local SU(2) transforms are
—id(z)-T a a 1 a abc c
Lo — e @72, Wi — Wi+ g@ua (z) + ™’ (x)Wy,

where & specifies the rotation angles and 7 are the Pauli matrices, the generators
of the SU(2) symmetry group. Lagrangian is invariant under underlying symme-
try transformations. However, adding the mass term for fermions or gauge bosons
would break the SU(2) invariance of the Lagrangian. Thus, the Higgs mechanism is
introduced to explain mass generation through the electroweak symmetry breaking

mechanism.

2.1.2 The Higgs Mechanism

In the SM, a scalar field (called Higgs field) is introduced to break the elec-
troweak symmetry in vacuum (spontaneous symmetry breaking). The gauge bosons
and fermions interact with the Higgs field to gain masses. This process is called Higgs

mechanism. The SM formulation of the Higgs mechanism is briefly described in this

section.
Denote the Higgs field ¢ as a doublet in the SU(2) space and expressed it below:
L (¢é1+ i¢2>
- , 2.18
¢ V2 (¢3 + i¢4 (2.18)

The Lagrangian about the ¢ can be written as
Ly = Luiggs = T(¢) = V(¢) = (Duo) (D"¢) — 1166 — A(o'9)”. (2.19)

For p? < 0, the minimum of potential V(¢) is at

2 2

oo = - == (2:20)

The real component of which can be written as

_ 9T+ + 5+ ¢d

Real (¢'¢) 5

(2.21)




From above expression we notice that there could be many solution to Equation 2.20.
Therefore, we must choose a direction in SU(2) space. We choose the minimum, or

vacuum ¢q at,

bo = % (S) (2.22)

This implies ¢3 = v (the vacuum expectation value), and ¢; = ¢ = ¢4 = 0. We can

then study the spectrum by expanding ¢ field around the vacuum,

b(z) = %(H‘;{ ($)). (2.23)

The Higgs potential V(¢) can be rewritten as

1t

A
— — ’H? + \H? + ZH.
5\ o + AV +4

V(o) =

The second term in V' (¢) represents the mass (at the tree-level) of the physical Higgs

My =~/—2u% =V2\ v,

where A is a parameter of the SM which is not specified in the model. The third and

boson:

the 4th terms are the Higgs boson self-interaction terms.

Now we will see how the gauge bosons gain masses via the Higgs mechanism. When
the scalar field ¢(x) expanded around the a vacuum that with expectation value v as
shown in Equation 2.23, the kinematics term T'(¢) in the Higgs field Lagrangian is

expanded as:

T(6) = (D,0)!(D40) = L@, 1) + LW} — w2y g W) + Y
' (2.24)

+§(91W3 — g2 B) (W™ — g2 B*)(v + H)?,
which based on the definition in Equation 2.14 and 2.15, is rewritten as:

T(¢) = (Du¢) (D"9)

1 1 _ 1
= S(OH)* + g WIW ™ (v + H)* + 2 (7 + 93) 2" Z,u(v + H)®
1 1 1 . 1 - (2.25)
— 5(6#]{)2 + (§u92)2WjW s §ug12ij "H + ngWjW rH?
1,1

1 1
+5(Gry/ ot + 63 2u2" + (gl + 63) 2,2 H + S(gi + 93) 2, 2" H.

10



From the terms:

1 _ 1.1
(GraePWSW ™ + (5[t + @) 2,2", (2.26)
we see that the charged W+ boson has acquired a mass of

1
mw = SVgs, (2.27)

the neutral Z boson has acquired a mass of

1
my = yot + 63 (2.23)

and the photon remains zero mass. Using the masses of the W= and Z boson defined
in Equation 2.27 and 2.28, the kinematic term shown in Equation 2.25 is rewritten

as:

T(¢) = (Dug)'(D"¢)

2myy> my> _
- S WHWLIH (2,99

WHW, H +

1 _
— 5@er)? + my WHW, +
2 2

1 2 mz mz
+§TTLZ Z‘uZu + TZuZMH + 9,2

Zr7, H?

which describes Higgs boson kinematics, the masses of W+ and Z bosons, the triple
and quartic boson interactions of the W*/Z boson and the Higgs boson with the
coupling proportional to the mass of the gauge boson squared. Such coupling is
referred to as gauge coupling of the Higgs boson.

To explain how the fermions acquire mass, we add an interaction term to the
previous Lagrangian of the electron (as an example) to describe the interaction of

fermions with the Higgs field:

L;ukawa - ge(‘lTe(Zﬁe;i + Qﬁe_]i%Le) (23())

This Lagrangian is invariant under the U(1) x SU(2) transformation. We then expand
the field ¢ around its vacuum by substituting Equation 2.23 into Equation 2.30, the

interaction term becomes

: gev = 9e. =

LYukawa = ﬁ(ezel_% + 61_%62) + \/5(6261_% + el_%eZ)H (231)

11



where the first term shows that the electron mass is

me = 9 (2.32)

G

The second term represents the interaction between electron and the Higgs boson

with the interaction coupling proportional to the electron mass. Such coupling is
called Yukawa coupling.

Similarly, the interaction of quarks (the first generation u, d quarks used here as
an example) with the Higgs field can be written as below where the first two terms

are the mass terms and the last two terms describe the interaction of d and u quarks
with H.

LY kawa = 94QL0dr + guQrocur + Herm. conjugate (2.33)
which is
L2 e = madd + myiu + —LddH + " quH (2.34)
14 14

This procedure for electron, and for the first generation of quarks acquire mass
can be applied to the second and third generations of leptons and quarks by making

the substitutions of e — u, 7; and v — ¢, ¢, and d — s, 0.

2.1.3 Natural Unit

Natural units are customarily used to simplify formulas and calculations in physics
by normalizing to unity the chosen constant physical quantities. Normally, only
Planck constant () and the speed of light in vacuum (c) are set to unity, & = ¢ = 1.
The energy, momentum and mass then share the same unit, e.g. MeV, GeV, TeV.

Conversions between units are based on the actual numerical expressions of & and c:

hi=6.58 x 107% GeV -s, (2.35)

c=3.00 x 10° m. (2.36)

12



These expressions provide two version factors written below, which can convert e.g.

particle widths to lifetimes and to express cross sections in barn (b):

1GeV = 1.52 x 10** sec™, (2.37)

1GeV™2=3.90 x 107% cm? = 3.90 x 10~ b. (2.38)

2.2 Higgs Boson Phenomenology at the LHC

2.2.1 Phenomenology of Proton-Proton Collisions

A proton consists of partons: quarks and gluons. In proton-proton (pp) collisions
at the LHC, the parton interactions can be classified into hard and soft scattering
processes depending on the momentum transfer between the interacting partons. A
hard scattering process involves large momentum transfer, which could be either a
violent scatter or creation of a system of large mass. A pp collision event at LHC is

illustrated in Figure 2.2. The main theoretical components of this process is described

Photon, W, Z etc.

Initial State
Radiation

Underlying

Hard Scattering Event

Final State
Radiation

Figure 2.2: Schematic view of a hadron-hadron collision.

below:

e Parton Distribution Function (PDF) gives the probability of finding a
certain type of quark or gluon carrying momentum fraction x at an energy

scale ). Figure 2.3 [28] shows the measured PDFs of gluon and quarks in
NNPDF3.0 which is accurate in perturbative QCD at NNLO [29].
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Figure 2.3: NNPDF3.0 NNLO PDF set for Q? = 10 GeV? and Q? = 10* GeV?2.

e Hard Scattering represents the event produced by parton interactions, such as
the Higgs boson production from the gluon-gluon fusion and the decay products
in final state from the underlying physics process. For example, Higgs decays

to vector bosons or quark pairs in final states.

e Jet Fragmentation and Hadronization produces the hadronic jets in the
final state from the partons (quarks and gluons) which are produced in the hard

scattering.

e Initial and Final State Radiation comes from the QCD or QED radiations

from the incoming and outgoing partons.
e Underlying Event includes particles produced by proton remnants.

The fundamental connection between theory and experimental measurement is
the cross section (o) for a given physics process. As an example of Higgs production
through gluon-gluon fusion and decay to ZZ* process, the cross section can be calcu-
lated as a convolution of the PDF for the incoming gluons (F}, (z1, Q?), Fy, (22, Q%)),

and the parton level hard-scattering cross section of 6,4, m—z2+ (s, fir, ftr), which
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can be written as:

o= Z dridzoFy, (21, Q*)F,y (29, Q*)6 (s, fir, fR)- (2.39)

91,92

where pp and pp are the QCD factorization and renormalization scales. The scale Q
in PDF is often using the pug, which separates the long and short distance physics.
Parton level hard-scattering cross-section depends on both urp and pg. It can be
calculated perturbatively in QCD in form of the fixed-order expansion in a,. The
calculation with tree-level diagrams gives the leading-order (LO) partonic cross sec-
tion. For LHC physics analysis, most of the theoretical calculations are performed
with higher-order corrections, including the next-to-leading-order (NLO), the next-to-
next-to-the-leading order (NNLO), and the next-to-next-to-next-to-the-leading order
(N3LO). The choice of ur and pp is arbitrary. To avoid unnaturally large logarithms
reappearing in the perturbation series, upr and pg often take a value in the order of
the typical momentum scales of the hard-scattering process. In addition, pup = ug
is also often assumed. Taking the Higgs production through gluon-gluon fusion and
decay to ZZ* — 4{ process as an example, the standard choice for Higgs cross section

calculation is up = pr = =5*.

2.2.2 SM Higgs Boson Production at the LHC

At the LHC, in the SM the Higgs production is dominated by the gluon fusion
(ggF) process through a loop diagram at leading order, due to the large gluon density
in the protons. The subleading Higgs boson production mode is the vector-boson
fusion (VBF) mechanism, which has a production cross section about one order of
magnitude smaller than that of the ggF. Events produced via the VBF mechanism
is characterized by two energetic jets produced in the forward region in the final
state with large rapidity separations. Following next is the vector-boson associated
production (V H) mechanisms, where the associated vector boson offers a distinct ex-
perimental signature to help select events produced via this mechanism. Higgs boson
production in association with a top or bottom quark pair is more rare, each of which
contributes to only about 1% of the total Higgs boson production cross section. The
presence of top quark (pair) in the final state offers a distinct experimental signature
to isolate ttH events. The b quark (pair) in the bbH process is quite soft and similar
in kinematics to the gluons emitted in the ggF process, which makes it very difficult
to detect bbH process at the LHC. Representative tree-level Feynman diagrams for

these dominant Higgs boson production processes are shown in Figure 2.4.
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W,z q tb

() (d)

Figure 2.4: Representative tree-level Feynman diagrams for leading Higgs boson pro-
duction mechanism at the LHC: The ggF (2.4a), VBF (2.4b), VH (2.4c) and ttH/bbH
(2.4d).

The Higgs boson production cross sections are summarized in Table 2.1, for differ-
ent Higgs production processes assuming a mass of 125.09 GeV, the central value of
the result from the combined measurement of the Higgs boson mass with the ATLAS
and CMS experiments using the full Run 1 dataset [30].

2.2.3 SM Higgs Boson Decays

The main SM Higgs decay channels with their expected branching ratios at the
measured Higgs boson mass of 125.09 GeV are summarized in Table 2.2.

Representative tree-level Feynman diagrams for various Higgs boson decay pro-
cesses are shown in Figure 2.5. The two leading Higgs decay channels are bb and WW.
The H — ZZ* — 4¢ decay channel only has a branching ratio of about 0.013%. De-
spite its very tiny branching ratio, many advantages such as the excellent signal over
background ratio and good mass resolution, make the H — ZZ* — 4/ decay channel
one of the channels contributing to Higgs boson discovery and a golden channel to

measure many of the Higgs boson properties after the discovery.
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Production Cross section (pb)
mechanism /s =7 TeV /s=8TeV /s =13TeV Order of calculation

ggl' 15.3£0.7 214£1.1 48.5£2.4 N3LO
VBF 1.24 +£0.06 1.60 £ 0.04 3.78 £0.08 NLO
WH 0.576 £0.012 0.70 £ 0.015 1.37 +£0.03 NLO
ZH 0.338 +£0.011 0.420 £ 0.014 0.882 4+ 0.04 NLO
bbH 0.155 £0.035 0.202 £ 0.045 0.486 £0.12 NLO
ttH 0.089 £ 0.009 0.133 £0.013  0.507 £ 0.05 NLO
Total 17.7£0.7 245+1.1 5.0 £24

Table 2.1: Standard Model Higgs boson production cross sections at my = 125.09
GeV at center-of-mass energy /s = 7, 8 and 13 TeV at the LHC. The uncertainties
on the cross sections are the quadratic sum of the uncertainties from variations of
QCD scales, parton distribution functions and the strong interaction coupling, as.

W,z b, 7, 1

W,z b7, 1 2l

(a) (b) (c)

Figure 2.5: Representative leading-order Feynman diagrams for Higgs boson decay
to a pair of W or Z bosons (2.5a), fermions (2.5b), and photons (2.5¢).

Decay channel Branching ratio (%)

H — bb 571+ 1.9
H— WW* 22.0 + 0.9
H — gg 8.53 £ 0.85
H—tt 6.26 £ 0.35
H = cc 2.88 £ 0.35
H— 27" 273 +£0.11
H — vy 0.228 £ 0.011
H — Z~ 0.157 £ 0.014
H — 0.022 £ 0.001

Table 2.2: Standard Model Higgs boson decay branching ratios at my = 125.09 GeV.
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2.2.4 Beyond the Standard Model

It has been a question whether the newly discovered scalar particle is indeed the
SM predicted Higgs boson. There are alternative theoretical models predicting new
particles like the discovered new boson. This section gives brief descriptions of the
models beyond the SM, which will be tested using data collected by the ATLAS
detector at the LHC.

2.2.4.1 Spin and Parity

In this dissertation, the tensor structure of the Higgs boson coupling to vector
bosons is studied using the Higgs boson characterization model [31, 32], which uses an
effective Lagrangian approach for the description of beyond Standard Model (BSM)
interactions. The EFT approach is only valid up to a certain energy scale, A, which
is set to 1 TeV based on no evidence of new physics below this energy scale has been
shown up in the experimental results obtained at the LHC and from previous collider
experiments. Two BSM scenarios for the spin and parity of the boson are tested in

the spin and parity studies:
e a BSM spin-0 CP-even or CP-odd Higgs boson,
e a spin-2 particle.

In both cases, the studied particle is assumed to have a mass of about 125 GeV, and
a narrow width significantly smaller than the experiment detector resolution, thus
interference effects between the studied particle and backgrounds can be neglected.

The J¥ = 1F hypothesis is not tested in this dissertation, considering that the
H — ~7v decay channel has been observed, which is forbidden by the Landau—Yang
theorem [33, 34] for a spin-1 particle. Moreover, the spin-1 hypothesis has already
been studied in the previous ATLAS publication [35] in the H — ZZ* and H — WW*
decays and has been excluded at more than 99% CL.
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2.2.4.2 The spin-0 hypothesis

In the Higgs boson characterization model, the spin-0 particle (X ) interacting with

pairs of W or Z bosons, is given through the following general interaction Lagrangian:

LY = {cos(a)rsm [S9nz22,2" + QHWWWJWW}
13 [eos()i 7z Zu 21 + sin(@)azz 20 2 | (2.40)

_%% [cos(a)liHWWW;ZWWV + SiH(Q)KAWWW;ﬁ/WiuV] } X.

Here V# represents the vector-boson field (V = Z, W), the V* are the reduced field
tensors and the dual tensor is defined as V* = %s”ypc’Vpg. The symbols ksm, KrvY
and x4y denote the coupling constants corresponding to the interaction of the SM,
BSM CP-even or BSM CP-odd spin-0 particle, represented by the X field, with ZZ
or WW pairs, and the mixing angle « allows for production of CP-mixed states.

In our analysis, the SM Higgs boson hypothesis (JI = 07) is tested against two
alternatives: the CP-odd J¥ = 0~ and the BSM CP-even J© = 0} hypotheses, with

the corresponding values of the couplings listed in Table 2.3.

JP Model Values of tensor couplings
ksm Rgvv Ravv o
0" SM Higgs boson 1 0 0 0
07  BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2

Table 2.3: Parameters of the benchmark scenarios for spin-0 boson tensor couplings
used in tests (see Eq. (2.40)) of the fixed spin and parity models.

2.2.4.3 The spin-2 hypothesis

In the Higgs boson characterization model [32], the description of the interaction
of a spin-2 particle with fermions and vector bosons is described by the following

Lagrangian:

1 v 14
Lo=— S RvTa XM Y R THLXM (2.41)
Vv f

Inspired by gravitation theories, the spin-2 tensor field X*” is chosen to interact

with the gauge-boson and fermion energy-momentum tensors, 7;‘1/, and 7;{;, of vector

bosons V' and fermions f, with coupling constants xy and sy.
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In the benchmark models studied in this dissertation, the universal couplings
(UC) scenario refers to the hypothesis that vector-boson couplings: kw, kz, and k.,
are independent of all the other couplings and x; = Ky; while in the non-universal
couplings (non-UC) scenario, k,/k, ratio is chosen to be zero or two. In the non-UC
scenario, the spin-2 model predicts an enhancement of the tail in the distribution of
the transverse momentum, p7. In analysis, a selection of pf < 300 GeV is applied
to the non-UC scenarios, and a second more conservative selection p3 < 125 GeV is
also performed, considering that the EFT must describe the physics at least up to
the mass of the observed resonance. The values of the couplings, p7 selections and

the corresponding spin-2 benchmark scenarios are listed in Table 2.4.

Values of spin-2 quark and gluon couplings p7 selections (GeV)

Kqg = Kg Universal couplings - -
kg =0 Low light-quark fraction < 300 < 125
Kq = 2Ky Low gluon fraction < 300 < 125

Table 2.4: The values of the couplings to quarks s, and to gluons kg, the trans-
verse momentum py of the spin-2 resonance selections and the corresponding spin-2
benchmark scenarios.

2.2.4.4 Higgs Boson Coupling Modifiers

Signal-strength parameter is a measure of potential deviations from the SM pre-
diction under the assumption that the Higgs boson production and decay kinematics
do not change appreciably from the SM expectations. For the process of Higgs boson
produced via mechanism ¢ and decaying to final state f, i.e. i - H — f, the signal-
strength parameter le is defined as the ratio between the Higgs boson rate measured

experimentally and its SM expectation:

o; X BRf

o;.9m X BRL,,

= (2.42)

An inclusive signal-strength parameter p is a common scale factor for all consid-
ered Higgs boson production mechanisms and decay processes. The measurement of
1 is the most model dependent and also the most precise among all the Higgs boson
rate measurements presented in this thesis. By definition, ¢ = 0 corresponds to the
background-only model while ;4 = 1 corresponds to the signal plus background model

assuming the SM Higgs boson as the signal process.
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The measurements of Higgs boson couplings presented in Chapter VIII of this dis-
sertation are performed using a leading-order tree-level motivated framework, referred
to as the rk-framework, following the approach and benchmarks recommended by the
LHC Higgs Cross Section Working Group [31] and [36]. This framework is designed
to quantify possible deviations in the data from the SM predictions in terms of the
Higgs boson couplings to the SM fermions and bosons. It is based on the following

assumptions:

e The mass of the Higgs boson is assumed to be the central value of the ATLAS

and CMS combined mass measurement of my = 125.09 GeV;

e The width of the Higgs boson is very narrow (~ 4 MeV), justifying the use of

the zero-width approximation;

e Only modifications of coupling strengths are considered, while the tensor struc-
ture is assumed to be the same as the SM, thus the spin and parity quantumn

numbers are assumed to be JF = 07.

In this framework, the cross section for the process i — H — f can be decomposed
as the SM cross sections and widths scaled by coupling modifiers, as expressed in the

following equation:

ai-Ff_an-F;fM Ky - K}

SM ’ 2
FH FH Ry

o;- BRI = (2.43)
where o; is the production cross section through the initial state i, BR/ and I'; are
the branching ratio and partial decay width into the final state f, respectively. 'y
denotes the total width of the Higgs boson. kp, K, K are the coupling modifiers for
the Higgs boson total width, production and decay process. k% is defined as the
sum of squared coupling modifiers for all Higgs decay channels H?c weighted by the
corresponding SM partial decay width F?M :

kDM
K= S (2.44)
f H

where the summation of the SM partial decay width F?M includes the decay channel
WW,ZZ ~v, Zv, gg,tt, bb, cc,ss, 7T and pu. The contributions from up and down
quarks and electron are negligible.

Considering the H — ZZ* — 4/{ channel alone is not able to measure all the

Higgs boson coupling modifiers, additional assumptions are made in order to study
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two coupling modifiers: the Higgs boson coupling to fermions kr and the coupling to
bosons ky . These additional assumptions are presented below.

First, it is assumed that there is no new particle in the loops. The effective coupling
modifiers for the loop-induced Higgs boson production and decay modes then can be
parametrized in terms of coupling modifiers to the SM fermions and vector bosons.
For example, the effective coupling modifiers for ggF production and H — ~v decay
are given by:

KiOl b + KO0+ Kykyo

tb
g9F

tb
998 — 1.06k7 + 0.01k7 — 0.07kky, (2.45)

/4,2
g tt bb
OggF + OggF +o

and N
2 _ i) it L
T Zi,j(iZj) F%%
Furthermore, assuming there is no BSM decay process, the coupling modifier for the
total width kg defined in Equation 2.44 takes the form:

K = 1593, + 0.07k7 — 0.66ky k. (2.46)

Ky = 0.57k; + 0.22k3, + 0.09%7 + 0.06%; + 0.03x% 4 0.03k2

(2.47)
+0.0023+2, 4 0.0016r7%., + 0.0001x2 4 0.00022~..

Finally, we assume that all vector boson modifiers are the same and denoted as ky,
Ky = Kz = Ry (2.48)
all fermion coupling modifiers are the same as kp,
KF = Kt = Kp = Ke = Ks = Kr = Ky, (2.49)
kg is then deduced to the simple formula:
Ky = (0.75k 1) + (0.25ky)>. (2.50)

Figure 2.6 illustrates the introduction of the sy and kg in the process of Higgs
boson production via gluon fusion production mechanism and decaying to ZZ*. The
ratio of the measured cross section over the SM prediction in the Higgs boson pro-
duction in the ZZ* decay channel, which has been defined previously as uZZ", can

be parametrized below in the case of fermion-mediated Higg boson production mech-
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Figure 2.6: Couplings modifiers xy, kg, for a LO diagram g9 — H — ZZ*.

anism:

z7¢ o-BR (Z — H — ZZ) . (FL\/HF>2 (2 51)
M = BR( = H— ZZ2)su _ (0.75kr)% + (0.25ky)? '

where ¢ denotes ggF', ttH or bbH production mechanisms, and in the case of boson-
mediated production process:
zz+ 0 BR(i—H— ZZ) Ky

M =6 BR(i— H—Z2Z)sym  (0.7555)2 + (0.25ky)? (2.52)

where 7 denotes VBF or V H production mechanisms.

Measuring the Higgs boson couplings is a powerful approach to search for new
physics. There are questions unanswered by the SM, such as the hierarchy problem
and the nature of dark matter. There are extensions to the SM in the Higgs sector
to provide possible explanations to these questions. In some theories more than
one Higgs doublet is predicted, leading to the existence of more than one Higgs
boson. Minimal Composite Higgs Models (MCHM) [38, 39, 40, 41, 42, 43| represent
a possible explanation for the scalar naturalness problem, where the Higgs boson is a
composite, pseudo-Nambu-Goldstone boson rather than an elementary particle. The
Higgs boson coupling measurements have sensitivity to these new physics phenomena,
for example combining the measurement of Higgs boson couplings to fermions and
vector bosons in H — vy, H — ZZ*, H - WW*, H — Z~v, H — bb, H — 77,
H — pp decay channels and using the Run 1 data, lower limits at the 95% CL on
the Higgs boson compositeness scale A in the MCHM4 and MCHM5 models are set
to be 710 GeV and 780 GeV respectively [44]. Figure 2.7 shows the two-dimensional
contours at 68% CL and 95% CL in the xy versus kp couplings modifier plane as
reference together with the couplings modifier predicted in the MCHM4 and MCHMS5
models are shown as parametric functions of the Higgs boson compositeness scaling
parameter £ = v?/\? where v is the SM vacuum expectation value. £ is contrained

by the coupling measurements since it is related to kr and sy in the MCHM4 model
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by the formula:

kp=kry = 1=, (2.53)
and in the MCHMYJ5 model:
ky = 1=, (2.54)
1-2
Kp = £ . (2.55)
1-¢

A8 mas T

1.6 (5=7TeV, 4547 fo" 3

[ Vs=8Tev,20.3 1" T ~~ 7

1.4 zlomm- e N -

0.6F X Best fit + sm i
c — Obs. 68% CL — Exp. 68% CL ]
0.4r -~ Obs. 95% GL - - Exp.95% CL 1
o R H S SRR B
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K
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Figure 2.7: Two-dimensional likelihood contours at 68% CL and 95% CL in the sy vs.
kg couplings modifier plane. The couplings modifiers predicted in the MCHM4 and
MCHMS5 models are shown as parametric functions of the Higgs boson compositeness
scaling parameter &.
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CHAPTER III

The Large Hadron Collider and the ATLAS

Experiment

3.1 The Large Hadron Collider

3.1.1 Introduction

The Large Hadron Collider (LHC) [18] is the latest addition to the CERN’s ac-
celerator complex shown in Figure 3.1 [45], which is installed in a deep underground
tunnel with a circumference of 27 kilometers, beneath the France and Switzerland
border near Geneva, Switzerland. It is a superconducting circular accelerator at the
energy frontier, operating at proton-proton (pp), lead-lead (Pb-Pb) and proton-lead
(p-Pb) collision modes. Before the particles are injected into the LHC, their energies
are boosted in a sequence of several accelerators. In the pp collision mode, protons
are first accelerated in Linear accelerator 2 (Linac 2) to an energy of 50 GeV, then
injected to the Proton Synchrotron Booster and accelerated to 1.4 GeV. Afterwards,
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) boosts the
particle beam to 25 GeV and 450 GeV. Finally, the protons are injected to the two
beam pipes of the LHC. They are accelerated to reach a maximun beam energy of 6.5
TeV so far. The two beams travel in opposite directions and collide at center-of-mass
energy (y/s) of 13 TeV at four interaction points (IP), outside which four particle de-
tectors are constructed to record the events produced in the particle collisions. The

four detectors and their main physics goals are summarized below:

e ALICE (A Large Ion Collider Experiment): A heavy-ion detector to study the
physics of strongly interacting matter at extreme energy densities, in the form

of quark-gluon plasma,;
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Figure 3.1: Schematic view of CERN’s accelerator complex.

e ATLAS (A Toroidal LHC Apparatus): One of the two general purpose detec-
tors to probe a wide range of physics including tests of the SM at the energy
frontier and searching for the Higgs boson, supersymmetry, dark matter and

etc.;
e CMS (Compact Muon solenoid): The other general purpose detector;

e LHCDb (Large Hadron Collider beauty): A b-physics detector to measure the

parameters of CP violation in the interactions of b-hadrons.

3.1.2 Luminosity

dN
t

Luminosity (L) is defined as the ratio of event rate (¢;-) over the cross section (o)

of the process in which the event is produced,

dN

E =L X o. (31)

It is an important parameter to characterize the performance of the LHC. It represents

the number of particles per area per time in collisions, and is thus expressed in unit
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of em™?s™!. luminosity is solely determined by beam parameters [46]. Assuming a

Gaussian beam distribution, the luminosity can be expressed as:

o sznbfreerT

L= 3.2
dre,B* (3:2)

where N, is the number of particles per bunch, n; the number of bunches per beam,
frew the revolution frequency, 7, the relativistic gamma factor, €, the normalized
transverse beam emittance, * the beta function at the collision point, and F' the

geometric luminosity reduction factor due to the crossing angle at the IP, which can

F= 1/,/1+(920:j)2, (3.3)

where 6, is the full crossing angle at the IP, o, the root mean square (RMS) of bunch

be calculated as:

length and o* the transverse RMS of beam size at the IP and assuming equal beam
parameters for both circulating beams.

The intergral of the luminosity with respect to time (L;):

Ling = / Lt (3.4)

which is called as the integrated luminosity, characterizes the data size in a certain
collision time. It is expressed in unit of inverse femtobarn ( fb™') ! in this dissertation,
and measures the number of events produced per fb cross section.

At the LHC, multiple pp collision events are expected to happen during a single
bunching crossing. The average number of pp inelastic interactions per bunch cross-
ing, often referred to as pile-up parameter (), poses as an experimental challenge.
These collision events are uncorrelated with the hard-scattering process, and can
be approximated as contributing a background of soft energy depositions that have
particularly adverse and complex effects on the jet reconstruction [47]. The pile-up
parameter can be calculated as the integrated luminosity in a bunching crossing time

multiplied by the inelastic interaction cross section (gner):

tcrossing

= / Ldt X 0iper. (3.5)
0

The values of the inelastic cross section at center-of-mass energy of 8 and 13 TeV

b~ =103 em—2,
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Figure 3.2: The luminosity-weighted distribution of the mean number of interactions
per crossing p, in the pp collision data produced in 2011 — 2012 (3.2a) recorded by
the ATLAS detector and in 2015 — 2016 (3.2b) delivered by the LHC.

are about 72 mb and 78 mb, respectively, calculated by Pythia8 generater [48]. The

number of interactions averaged over all bunch crossings and averaged over the data

are referred to as < p >. Figure 3.2 shows the luminosity-weighted distribution of p,
and the < u > value in pp collision data at the LHC in years of 2011, 2012 [49], 2015

and 2016 [50].

Table 3.1 highlights the typical values of representative beam parameters under

Parameter Design 2010 2011 2012 2015 2016
Beam energy [TeV] 7.0 3.5 3.5 4 6.5 6.5
Bunches/beam ny, 2808 348 1331 1380 2244 2220
Bunch crossing time tcyossing (18] 25 150 50 50 25 25
Protons/bunch N, [10" protons] | 1.15 0.9 1.2 .7 1.1 11
€n [ m] 375 26 24 24 35 34
3* [m] 055 2035 1.01.5 06 08 04
Peak luminosity [10** cm™2s™!] 1.0 0.02 0.36  0.77 051 1.4
< p > 25 2 9 21 14 25
Integrated luminosity LHC 0.047 5.5 228 4.2 389

delivered [ fb™']

Table 3.1: Selected proton running conditions in the LHC operation in Run 1 (2010-
2012) and in Run 2 (2013-2016) and the corresponding design parameters.
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operational conditions of the LHC in pp collision mode in Run 1 from 2010 to 2012
and in Run 2 from 2015 to 2016. In 2016, the peak luminosity is up to 1.4 x cm~2?s~!

which has surpassed the design value. The LHC operation has been remarkably well.

3.2 The ATLAS detector

The ATLAS detector [51] is a symmetric cylindrical multi-purpose detector, de-
signed to be sensitive to a wide range of physics signatures to fully exploit the physics

~2571. The sub-detectors in-

potential of the LHC at a nominal luminosity of 10** cm
clude the inner detector (ID), the electromagnetic (EM) and hadronic calorimeters,
and the muon spectrometer (MS). A schematic view is shown in Figure 3.3.

The coordinate system used in the ATLAS dector is a right-handed Cartesian
coordinate system with its origin at the IP, in the center of the detector. The positive
x-axis points from the IP to the center of the LHC ring, the positive y-axis points
upward, and the z-axis is along the beam direction. The side-A and side-C of the
detector is with positive and negative z, respectively. The azimuthal angle ¢ is
measured around the beam pipe. ¢ = 0 corresponds to the positive z-axis and
increases clockwise when looking into the positive z-axis direction. The polar angle
0 measures the angle from the beam axis.

The nomenclatures used to describe the characteristics of the particles detected
by the ATLAS detector are briefly introduced below. The componet of the particle
momentum in the transverse (z-y) plane is called as the transverse momentum pr
(pr = p - sin(f)). The projection of the energy in the transverse plane is referred
to as the transverse energy Er. It is related to the transverse momentum through
Er = +/p%+m2 The pseudorapidity is defined as n = —Intan(f/2). In case
of a massive object, the rapidity is used y = %ln(?j—gg). Another useful variable

is the angular separation between two objects in the n-¢ angle space, defined as

AR = /(An)? + (A¢p)2.

3.2.1 Inner Dectector

The ATLAS Inner Detector is designed to provide hermetic and robust pattern
recognition, excellent momentum resolution and both primary and secondary ver-
tex measurements for charged tracks above a given pr threshold (about 0.5 GeV) in
the pseudorapidity range of n < 2.5. It also provides electron identification within
n < 2.0 and over a wide range of energies (0.5 GeV - 150 GeV). The ID is con-

tained within a cylindrical envelope of length £3512 mm and of radius 1150 mm,
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Figure 3.3: Cut-away view of the ATLAS detector.

and located at small radii from the beamline. It is immersed in a 2 T magnetic field
produced by a thin superconducting solenoid located in front of the calorimeter. As
illustrated in Figure 3.4 [52], the ID consists of three subdectors: fine-granularity pixel
and microstrip detectors covering the range of || < 2.5, and a gas-filled straw-tube
transition-radiation tracker (TRT) complementing the silicon tracker at larger radii

and providing electron identification based on transition radiation. The parameters

of the ID is summarized in Table 3.2.

Type Position Area Resolution Channels n

(m?) o(um) (10%)  coverage

Pixels IBL 02 Rp=12, z =066 16 +2.5

2 barrel layers 1.4 R¢p =12, z =66 81 +1.7
5 end-cap disks 0.7 Rop=12,2=177 43 1.7—25

Silicon 4 barrel layers 344 R¢ =16, z = 580 3.2 +1.4
strips 9 end-cap wheels 26.7 R¢ =16, z = 580 3.0 1.4 —-25

TRT Axial barrel straws 170 (per straw) 0.1 +0.7
Radial end-cap straws 170 (per straw) 0.32 0.7—2.0

Table 3.2: Parameters of the ID. The resolutions quoted are typical values.
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Figure 3.4: A schematic view of the ATLAS Inner detector

3.2.1.1 The Pixel Detector

The pixel detector is the innermost part of the ATLAS detector, designed to
provide high-precision measurements per track as close to the IP as possible. It is
vital to the determination of the impact parameter resolution and the identification
of short-lived particles such as B hadrons and 7 leptons. It is 1.4 m long and has a
diameter of 0.43 m. During LHC Run 1, the active part of the pixel detector is made
of three barrel layers (B-layer, layer 1, layer 2) at average radii of about 5 cm, 9 cm,
and 12 cm, and three disks on each endcap regions between radii of 11 and 20 cm to
guarantee at least three space points over the full tracking pseudorapidity range of
In| < 2.5. Spatial resolution of the pixel detector is about 12 pm/layer in the (R, ¢)
coordinate.

The active part of the pixel detector consists of a module composed of silicon
sensors, front-end electronics and flex-hybrids with control circuits. There are 1744
modules with 80 million readout channels in total. The nominal pixel size is 50
microns in the ¢ direction and 400 microns in z (barrel region, along the beam axis)
or r (disk region) with the exception that a few special pixels in the region between

integrated circuits on a module have larger dimensions.



Figure 3.5: The ATLAS IBL detector before the insertion (3.5a) and an IBL stave
where the single detector modules are mounted on carbon fibre support structures
(3.5b).

During the first long shutdown of the LHC in 2013-2014, a new innermost pixel
detector, the Insertable B-layer (IBL) [53], was added between the first pixel layer
and a new smaller radius beam pipe at the radius of 33 mm, to help improve the
vertex resolution and b-tagging efficiency, to compensate for inefficiencies in the pixel
B-layer which can arise over time due to irreversible radiation damage, as well as
to meet the increasing bandwidth requirements resulting from the expected Phase-I
LHC peak luminosity. Figure 3.5 shows the ATLAS IBL detector prior the insertion
and an IBL stave. The spatial resolution of the IBL. measured from collision data is

10.04+0.1 gm in the transverse plane and 66.540.8 ym in the longitudinal z direction.

3.2.1.2 The Semiconductor Tracker

The semiconductor tracker (SCT) is designed to provide eight precision measure-
ments per track in the intermediate radial range, contributing to the measurement
of momentum, impact parameter and vertex position, as well as providing good pat-
tern recognition by the use of high granularity. The SCT tracker includes four barrel
layers at average radii of about of 30.0, 37.3, 44.7 and 52.0 cm, and nine disks on
each endcap regions to cover the full tracking pseudo-rapidity range of |n| < 2.5. The
spatial resolution is about 16 pm in the transverse plane and 580 pum in longitudinal
z direction. There are 61 m? of silicon detectors and 6.2 million readout channels in
total in the SCT tracker.
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3.2.1.3 Transition Radiation Tracker

The TRT, based on the use of straw detectors, is intrinsically radiation hard.
It offers on average 30 two-dimensional space point measurements with an intrin-
sic resolution of approximately 120 pum for tracks with pr > 0.5 GeV and in the
pseudorapidity range of |n| < 2.0. In addition to tracking, it also contributes to
the electron identification capability enabled by the detection of transition-radiation

photons created in a radiator between the straws.

3.2.2 Calorimeters

A view of the ATLAS calorimeters is shown in Figure 3.6. The calorimetry is built
of an EM calorimeter covering the pseudorapidity range of || < 1.475 in the barrel
region and 1.375 < |n| < 3.2 in the endcap region, a hadronic calorimeter covering
In| < 1.7 in the barrel region and 1.5 < |n| < 3.2 in the endcap region, and forward

calorimeters covering 3.1 < |n| < 4.9.

3.2.2.1 The Electromagnetic Calorimeter

The EM calorimeter is a lead /liquid-argon sampling calorimeter with an accordion
geometry, providing complete ¢ symmetry without azimuthal cracks. Over the region

of |n| < 2.5 (2.5 < |n| < 3.2 and in the overlap region between the barrel and the
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endcap electromagnetic calorimeter ) it is divided into three (two) layers in depth
respectively, which are finely segmented in 77 and ¢. An additional thin presampler
layer covering the |n| < 1.8 region where the amount of material seen by an incident
particle before the calorimeter front face is > 2 radiation lengths (Xj), is used to
correct for fluctuations in energy losses of particles before they reach the calorimeter.
The total thickness of the EM calorimeter increases from 22X, to 30X in region from
n=0ton=0.8 and 24X, to 33X, in region from n = 0.8 to n = 1.3.

3.2.2.2 The Hadronic Calorimeters

The hadronic calorimeters includes the tile calorimeter, the liquid-argon hadronic
endcap calorimeter (HEC) and the liquid-argon forward calorimeter (FCal).

The tile calorimeter is located in the barrel region. It is made of steel absorbers
and scintillator tiles as the active medium. Its thickness is approximately 7.4 inter-
action lengths. Liquid argon with copper absorbers is used in the hadronic endcap
calorimeters. The FCAL is located in the same cryostats as the endcap calorimeter.
The FCAL is consist of copper in the first section and tungsten absorbers in the other

two sectors, with liquid argon as the sensitive medium.

3.2.3 Muon Spectrometer

The muon spectrometer consists of the precision-tracking chambers to accurately
and precisely measure the transverse momentum of the muons and the trigger cham-
bers with fast reponse to trigger on the muons. The MS is immersed in a toroidal
magnetic field of approximately 0.5 T and 1 T in the barrel and endcap regions,
respectively. The MS is designed to be capable of standalone measurements of the
transverse momentum of the muons in a wide range: down to about 3 GeV which is
constrained by the muon energy loss in the calorimeters, and up to about 3 TeV. For 1
TeV muon tracks, the performance goal is to achieve approximately 10% stand-alone
transverse momentum resolution, which corresponds to a sagitta along the z-axis of
about 500 ym to be measured with a resolution of 50 pum or less. The cross-sections
of the muon system in the planes transverse to and containing the beam axis are
illustrated in Figure 3.7.

The precision-tracking chambers in the barrel region consists of three concentric
cylindrical layers arranged around the beam axis at radii of approximately 5 m, 7.5 m,
and 10 m. Precision Monitored Drift Tube (MDT) chambers cover the pseudorapidity
range of |n| < 2.7, except that in the innermost endcap layer the region of |n| < 2.0
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Figure 3.7: Cross-section views of the muon spectrometer in the plan transverse to
(3.7a) and along the beam axis (3.7b).

is covered. In the forward region of 2.0 < |n| < 2.7 in the innermost endcap layer,
the Cathode-Strip Chambers (CSC) which have higher rate capability are installed.

The trigger chambers include three concentric cylindrical stations of the Resistive
Plate Chambers (RPC) in the barrel region covering || < 1.05 and the Thin Gap
Chambers (TGC) in the endcap region covering 1.05 < |n| < 2.4. The Level-1 trigger
logic uses the fast information on the muon tracks provided by the trigger chambers
to identify the track multiplicity and the approximate transverse momentum range.

Selected parameters characterize the performance of the muon sub-systems are
summarized in Table 3.3. The following sections will briefly describe the technology

and performances of the muon sub-systems.

Detector Chamber Resolution (RMS) Number of

Type z/R 10} time chambers channels
MDT 35 um ] - 1088(1150) 339Kk (354k)
CSC 40 pm 5 mm 7 ns 32 30.7k
RPC 100mm 10mm  1.5ns 544(606)  359k(373k)
TGC 2-6 mm  3-7 mm 4 ns 3588 318k

Table 3.3: Parameters of the sub-systems of the MS. The quoted spatial resolution
(columns 2, 3) does not include chamber-alignment uncertainties. Column 4 shows
the intrinsic time resolution of each chamber type. Numbers in brackets refer to the
complete detector configuration as planned for 2009.
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3.2.3.1 Monitored Drift-tube Chambers

The MDT chambers are made of drift tubes with a diameter of 30 mm. The wall
of the tube is made using aluminium and is 400 gm in thickness. A tungsten-rhenium
wire of 50 pum in diameter is located at the center of the tube. The tubes are operated
with a non-flammable mixture of 93% Ar and 7% CO, at an absolute pressure of 3
bar. A muon passing the tube is ionized in the drift field. The electrons from the
ionization drift towards the wire with a maximum drift time of 700 ns when drifting
from the wall to the wire. The position of the muon thus can be determined through
the tube’s non-linear space and time relation. The spatial resolution of a MDT tube

is about 80 pm.

3.2.3.2 Cathode Strip Chambers

The CSCs are multiwire proportional chambers with the wires oriented in the ra-
dial direction. Both cathodes are segmented, one with the strips perpendicular to the
wires (providing the precision coordinate) and the other parallel to the wires provid-
ing the transverse coordinate. The position of the track is obtained by interpolation
between the charges induced on neighboring cathode strips while wire signals are not
read out. The resolution of a CSC plane is about 60 pm, while in the non-bending

direction, the cathode segmentation is coarser leading to a resolution of 5 mm.

3.2.3.3 Resistive Plate Chambers

In the barrel, RPCs are used to build trigger chambers because of good spatial and
time resolution, and adequate rate capability. The RPC is a gaseous parallel electrode-
plate detector, operated with a mixture of C2H2F4/Iso-C4H10/SF6 (94.7/5/0.3),
which combines the merits of relatively low operating voltage, non-flammability and
low cost, while providing a comfortable plateau for safe avalanche operation. It
contains two resistive plates made of phenolic-melaminic plastic laminate. They are
kept parallel to each other at a distance of 2 mm by insulating spacers, and the
electric field between them is about 4.9 kV/mm, allowing avalanches to form along
the ionizing tracks towards the anode. The signal is read out via capacitive coupling

to metallic strips, which are mounted on the outer faces of the resistive plates.

3.2.3.4 Thin Gap Chambers

In the endcap region, TGCs have been selected to build the trigger chambers due
to good time resolution and high rate capability. In addition to trigger capability,
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Figure 3.8: The ATLAS TDAQ system in Run 2 with emphasis on the components
relevant for triggering. LL1Topo and FTK were being commissioned during 2015.

TGCs provide a second azimuthal coordinate to complement the measurement of the
MDTs in the bending (radial) direction. TGCs are multi-wire proportional chambers
operated in a highly quenching gas mixture of CO2 and n-C5H12 (n-pentane), with
the characteristic that the wire-to-cathode distance of 1.4 mm is smaller than the
wire-to-wire distance of 1.8 mm. This cell geometry allows for operation in a quasi-

saturated mode, i.e. with a gas gain of 3 x 10°.

3.2.4 Trigger

The trigger system is an essential component of hadron collider experiments, be-
cause the rate of events containing interesting physics phenomena is only a small
fraction of the total event rate. Due to the constraint from data storage capacity
and rates, it is impossible to store all the events produced in the collisions, therefore,
trigger system is employed to rapidly decide with high efficiency potential interesting
events produced in a given bunch-crossing interaction to record for later analysis.

The ATLAS Trigger and Data Acquisition (TDAQ) system is illustrated in the
block diagram shown in Figure 3.8 [54]. In Run 2, the trigger system consists of two

levels of event selections: a Level-1 trigger (L1) reducing event rate to 100 kHz and
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a high-level trigger (HLT) further reducing event rate to 1 kHz. In LHC Run 1, the
HLT includes two levels of event selections: Level-2 and Event Filter farms, which
were merged into a single homogeneous farm in Run 2 to improve resource sharing

and for simplification.

3.2.4.1 Level-1 Trigger

The L1 is a hardware based trigger using reduced-granularity information from
a subset of detectors. The Muon trigger (L1Mu) uses trigger chambers to identify
signatures consistent with high-pr muons and the Calorimeter trigger (L1Calo) uses
all the calorimeter sub-systems to identify high-FEr electrons and photons, jets, 7-
leptons decaying into hadrons, large EM and large total transverse energy. The
L1 identifies Regions-of-Interests (ROIs), which are the regions of the detector where

possible trigger object in the event exist, and passes ROIs information to HLT.

e Muon trigger. The L1 muon trigger works with dedicated trigger chambers,
the RPCs and the TGCs, which have been introduced in Section 3.2.3. Both
of them have three trigger stations to allow the trigger algorithm to require a
coincidence of hits in the different trigger stations within a road as illustrated
in Figure 3.9, which tracks the path of a muon from the interaction point to the
hits in the reference plane which is the middle RPC (RPC2) and outer TGC
(TGC3) for the barrel and endcap regions, respectively. The width of the road
decreases with the threshold to be applied to the pr of the muon. There are

six thresholds in total, three associated with the low-pr trigger and three with
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Figure 3.10: Efficiencies as functions of pr of the six LL1 muon triggers used in Run 1
in the barrel region: low-pr threshold triggers MU4, MU6, MU10 with pt threshold
of 4, 6 and 10 GeV, respectively, and high-pt threshold triggers MU11, MU15, MU20
with pr threshold of 11, 15 and 20 GeV, respectively.

the high-pr trigger. The efficiencies as functions of pr of the six triggers in the
barrel region used in Run 1 are shown in Figure 3.10. RPCs and TGCs also

have sufficient timing accuracy to be able to identify the bunch-crossings.

During Run 1, the L1 trigger rate from the endcap region was dominated by
particles not originating from the interaction point. To suppress such back-
ground events being accepted by L1 trigger, an new trigger logic [55] was in-
troduced in Run 2 as illustrated in Figure 3.11, which requires an additional
coincidence with the TGC-FI and TGC-EI chambers in the 1.3 < || < 1.9 and
the 1.05 < |n| < 1.3 regions, respectively. It successfully lowered the trigger

rate with very small loss on the efficiency.

e Calorimeter trigger

L1Calo works with 7000 analogue trigger towers with granularity of 0.1 x 0.1 in
An x A¢ in most regions, and larger at higher || region in the calorimeters. As
shown in Figure 3.12, the electron/photon trigger algorithm is based on 4 x 4
trigger towers. 2 x 2 trigger towers are identified, in which at least one of the four
possible two-tower sums of nearest-neighbor electromagnetic towers exceeds a
pre-defined threshold. Isolation-veto thresholds are set for the surrounding ring
in the electromagnetic calorimeter, as well as for the 2 x 2 hadronic-tower core
sum behind the cluster and the hadronic ring around the hadronic-tower core.

The 7 algorithm uses the same basic elements to select narrow hadronic jets.
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endcap (3.13b) detector regions.

The Jet/Energy trigger algorithm works with jet elements formed by the sums
of 2 x 2 trigger towers in the electromagnetic calorimeters and in the hadronic
calorimeters. FErare summed within overlapping windows consisting of 2 x 2,
3 X 3, or 4 x 4 jet elements and these sums are then compared to pre-defined

jet energy thresholds.

3.2.4.2 High-Level Trigger

Seeded by ROIs, the HLT algorithms is performed on fully-built events based
on the full granularity and precision of calorimeter and muon detector data, and
inner detector data, to further select events. In Run 2, the HLT algorithms are
designed to adopt offline tools in terms of data preparation, detector software, event
reconstruction and selection cuts in analysis, to increase signal acceptance and higher
background rejection in the offline analysis. As an example, Figure 3.13 plots the
absolute efficiency of L1 MU20 trigger and absolute and relative efficiencies compared
to the L1 MU20 trigger of the OR of mu26_ivarmedium and mub50 HLT as a function
of pr of offline muon candidates in the endcap and barrel detector regions. The
MU20 trigger requires that a muon candidate passed the 20 GeV requirement of
the L1 muon trigger system. The mu26_ivarmedium trigger is seeded by the MU20
trigger and is required to satisfy a 26 GeV HLT threshold and to pass a medium
isolation selection computed using inner detector tracks reconstructed online by the

HLT within a cone with a variable size which depends on the pr of the muon. The
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Figure 3.14: Total integrated luminosity delivered by the LHC shown in green his-
togram and recorded by the ATLAS detector in 2011-2012 (3.14a), 2015 (3.14b) and
2016 (3.14c)

mub0 trigger is seeded by MU20 at L1 and is required to have pr bigger than 50
GeV. The average data recording rate of 1 kHz is achieved in Run 2 increased from
400 Hz in Run 1. The events passing HLT trigger are recorded for subsequent offline

analysis.

3.2.5 Data Collection

During the LHC Run-1 in 2011 and 2012 and Run-2 in 2015 and 2016, the op-
eration of ATLAS detector ensures a high data taking efficiency of about 93%. Fig-
ure 3.14 shows the integrated luminosity delivered by the LHC and recorded by the
ATLAS detector versus time in 2011 and 2012 with preliminary luminosity calibra-
tion, and in 2015 and 2016 with the initial online calibration.

The data collected by the ATLAS detector need to pass quality requirements

42



before being used in an analysis. If any relevant detector component is not operating

correctly during the period in which an event is recorded, this event thus fails quality

requirements. Dedicated measurements are performed to determine the luminosity in

pp collisions using the ATLAS detector [56, 57]. The measured integrated luminosities

and the associated uncertainties of the datasets used in the analyses presented in this

dissertation, are summarized in Table 3.4.

2011 2012 2015 + 2016
Integrated luminosity ( fb™') 4.5 20.3 36.1
Luminosity uncertainty (6L/L) +1.8% +2.8% +3.2%
Analysis 2011 data 2012 data 2015 + 2016 data
Spin and parity Yes Yes Yes
in H—>2Z7"—4
Spin and parity combining Yes Yes No
727 vy, WW*
Higgs boson coupling No No Yes
measurement in H — ZZ* — 4¢
Higgs boson production and No No Yes (14.8 tb™1(Z2*),

decay combining ZZ*, vy

13.3 b7 (1))

Table 3.4: Summary of Higgs property measurements presented in this dissertation
and data sets used in analyses with corresponding integrated luminosities including

the luminosity uncertainties.
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CHAPTER IV

ATLAS Event Reconstruction

Each time protons collide creating particles in final state is called an “event”. In
the ATLAS detector, there will be about a billion collision events per second. We
record all the events that pass our “trigger system”. Each recorded event will be

reconstructed as physics objects, which will be described in this chapter.

4.1 Tracking

The reconstructed charged-particle trajectories in the inner detector and muon

spectrometers are hereafter referred to as tracks.

4.1.1 Tracking in Inner Detector

The tracks in the inner detector is based on fitting a trajectory model to a set of
measurements using a sequence of algorithms [58]. The inside-out algorithm starts
from three-point seeds in the silicon detectors and adds hits moving away from the
interaction point using a combinatorial Kalman filter. Ambiguities in the track can-
didates found in the silicon detectors are resolved, and tracks are extended into the
TRT. The inside-out algorithm is the baseline algorithm designed for efficient recon-
struction of primary charged particles. Primary particles are defined as particles with
a mean lifetime of greater than 3 x 10! s directly produced in a pp interaction or
from the subsequent decays or interactions of particles with a lifetime shorter than
3 x 101 s. The tracks reconstructed by the inside-out algorithm are required to have
transverse momentum pr > 400 MeV.

In a second stage, a track search starts from segments reconstructed in the TRT

and extends inwards by adding silicon hits, which is referred to as back-tracking.
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Back-tracking is designed to reconstruct secondary particles, which are particles pro-
duced in the interactions of the primary particles. Finally tracks with a TRT segment
but no extension into the silicon detectors are referred to as TRT-standalone tracks.

The transverse and longitudinal impact parameters of a track relative to the center

of the beam spot are are referred to as dy and z; and their resolutions as o4, and o,.

4.1.2 Tracking in Muon Spectrometer

The tracks in the MS starts from segments reconstructed within each muon cham-
ber [59]. In each MDT chamber and nearby trigger chamber, a Hough transform is
used to search for hits. Segments are reconstructed by performing a straight-line fit to
the hits found in each MDT layer. The RPC or TGC hits measure the coordinate or-
thogonal to the bending plane. Segments in the CSC detectors are reconstructed by a
combinatorial search for hits in the n and ¢ CSC planes, including a loose requirement
on the compatibility of the segment with the luminous region.

Muon track candidates are then built by fitting together hits from segments in
different layers. The algorithm used for this task performs a segment-seeded combina-
torial search that starts by using as seeds the segments generated in the middle layers
of the detector where more trigger hits are available. The search is then extended to
use the segments from the outer and inner layers as seeds. The segments are selected
using criteria based on hit multiplicity and fit quality and are matched using their
relative positions and angles. At least two matching segments are required to build
a track, except in the barrel endcap transition region where a single high-quality
segment with 1 and ¢ information can be used to build a track. The same segment
can initially be used to build several track candidates. Later, an overlap removal
algorithm selects the best assignment to a single track, or allows for the segment to
be shared between two tracks. To ensure high efficiency for close-by muons, all tracks
with segments in three different layers of the spectrometer are kept when they are
identical in two out of three layers but share no hits in the outermost layer.

The hits associated with each track candidate are fitted using a x? fit. A track
candidate is accepted if the x? of the fit satisfies the criteria. The track candidate
will be re-fitted in cases where hits making large contributions to the y? are removed

or additional hits consistent with the track candidate are recovered.
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4.2 Primary Vertex

This section describes the method for reconstructing primary vertices. The input
to the vertex reconstruction is a collection of reconstructed tracks. The procedure of
primary vertex reconstruction is divided into two stages: vertex finding and vertex
fitting [60]. The former stage generally denotes the pattern recognition process: the
association of reconstructed tracks to vertex candidates. The vertex fitting stage
includes the reconstruction of the actual vertex position and its covariance matrix.

The strategy can be briefly outlined in these steps:

e A set of tracks satisfying the track selection criteria is defined.

A seed position for the first vertex is selected.

e The tracks and the seed are used to estimate the best vertex position with a fit
following an iterative procedure. In each iteration, less compatible tracks are

down-weighted and the vertex position is recomputed.

e Tracks incompatible with the vertex determined in the previous step are re-

moved and allowed to be used in the determination of another vertex.

e The whole procedure is repeated with the remaining tracks in the event to fit

another vertex.

All vertices with at least two associated tracks are retained as valid primary ver-
tex candidates. The output of the vertex reconstruction algorithm is a set of three
dimensional vertex positions and their covariance matrices.

In H — ZZ* — 4( analysis, events are required to have at least one vertex with
two associated tracks with pr > 400 Mev, and the primary vertex is chosen to be the
reconstructed vertex with the largest > p%. Four leptons selected must come from

the primary vertex.

4.3 Electron

4.3.1 Electron Reconstruction

Electrons in ATLAS are reconstructed based on information from the ID and the
electromagnetic calorimeter. Electron candidates are clusters of energy associated
with ID tracks, where the final track-cluster matching is performed after the tracks

have been fitted with a Gaussian-sum filter. The energy of the electron is given by
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the cluster energy while the ¢ and 7 directions are provided by the track parameters

with respect to the beam line.

4.3.2 Electron Identification

Electrons are identified based on several variables to suppress background ob-
jects such as hadronic jets or converted photons [61]. These variables are the hits
in the silicon detectors, including a hit in the innermost layer of the detector, the
IBL (or the next-to-innermost layer in case of masked modules), and a likelihood
discriminator, which combines the shower shape information provided by the highly
segmented calorimeter, hits in the high-threshold TRT, compatibility of the tracking
and calorimeter information, as well as some of the track quality information. In
Run 2, two additional variables, the impact parameter in the transverse plane (|dp|)
and its significance (|do|/04,) have been added to the likelihood discriminator, further
rejecting heavy-flavor background contributions.

To meet the needs of different physics analyses, different requirements on the
output score of the likelihood discriminator are defined to offer three identification
criteria: loose, medium and tight. The identification efficiencies for electrons and
backgrounds are in a range of 78% - 90% and 0.3% - 0.8%, respectively [62].

4.3.3 Electron Isolation

Electrons produced from the decay of heavy particles, such as W, Z, or Higgs
boson, are often well separated from other particles in the event. Therefore, electron
isolation, which measures the detector activity around an electron candidate, can
be used to further reject backgrounds such as electrons originating from converted
photons produced in hadron decays, electrons from heavy flavor hadron decays, and

light hadrons misidentified as electrons. Two isolation variables are defined:

e track-based isolation variable: p4erc"¢20 is defined as the scalar sum of the pr

of the tracks satisfying quality requirements and originating from the primary
vertex with Ep > 1 GeV in a cone of size AR = min(10 GeV/E%., 0.2) centered

around the direction of electron track. The electron track itself is excluded.

EiPoone® s defined as the sum of the

e calorimeter-based isolation variable,
Er of clusters topologically connected [63] in a cone of size AR = 0.2 around
the electron, after subtracting the contribution from the energy deposit of the

electron itself and correcting for effects from pile-up and underlying events.
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Several electron isolation selection criteria are defined based on relative isolation

variables, pu® <20 /pp and EXP"* /By, to address the needs from various physics
analysis.
4.4 Muon

4.4.1 Muon Reconstruction

Muon reconstruction is performed based on information from the ID, MS and
calorimeters. There are four types depending on different reconstruction methods
and subdetectors used [59].

e Combined (CB) muons. CB muons are reconstructed by combining the hits of

the ID track and MS track and the energy loss in the calorimeter;

e Segment-tagged (ST) muons. A track in the ID is classified as a muon if it is
associated with at least one track segment in the MDT or CSC chambers. MS
muons captures muons transversing only one layer of MS chambers, due to their

low pr or reduced MS acceptance in the region;

e Standalone (SA) muons. In the 2.5 < |n| < 2.7 region, where the ID provides
little coverage, the muon is reconstructed based on the track reconstructed in
the MS and a loose requirement on its compatibility with originating from the

IP, taking into account the energy loss in the calorimeter;

e Silicon-associated forward (SiAF) muons: In the 2.5 < |n| < 2.7 region, when
a track reconstructed in the MS is extrapolated back to the interaction point,
a very forward ID tracklet formed by Silicon hits only (no TRT hits) is found
within a cone around the track in the MS, a combined fit is performed including
the hits of the ID tracklet. This type of muon is used in the 2 H — ZZ* — 4/
analysis in Run 2 using the dataset collected at /s = 13 TeV.

e Calorimeter-tagged (CT) muons. In the region of |n| < 0.1, ID tracks with
15 GeV < pr < 100 GeV are identified as muons if their energy deposits in the
calorimeter are consistent with minimum ionizing particles. CT muons recover
muon acceptance in the region where the MS is only partially instrumented to

allow for cabling and services to the calorimeters and the ID.
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4.4.2 Muon Identification

Muon identification is carried out by applying quality requirements to suppress
background, while maintain high efficiencies and robust momentum measurements for
prompt muons. The quality variables used in the muon identification are summarized
below. The first two variables quantify the compatibility between the ID and MS pr

measurements.

e ¢/p significance, defined as:

q/PT,ID — 4/PTMS
oyt [pr |

(4.1)
\/UJ%T,ID + UJ%T,MS

is the absolute value of the difference between the ratio of the charge and trans-
verse momentum of the muons measured in the ID (prp) and in the MS (pr ms),

divided by the sum in quadrature of the corresponding uncertainties;

e o/, defined as
/_ PrD — PTMS (4.2)

Pr,.cB
is the absolute value of the difference between the transverse momentum mea-
sured in the ID (prip) and in the MS (prms), divided by the transverse mo-

mentum of the combined track (prcp);
e normalized 2 of the combined track fit;

e number hits in the ID and the MS.

There are four kinds of muon identification criteria designed (Medium, Loose,

Tight, and High-pr) designed to address the specific needs of physics analyses.

e Medium muons, are designed to minimize the systematic uncertainties associ-
ated with muon reconstruction and calibration. Only CB and ME muons are
considered, with addition requirement on the number of hits in muon chambers
and a loose requirement on the compatibility between pr measurements in the
ID and MS (g/p significance < 7);

e Loose muons, designed to maximize the reconstruction efficiency while provide
good-quality muon tracks, are specifically optimized for reconstructing Higgs
boson candidates in the four-lepton final states. All medium muons defined

above, and CT and ST muons in the |n| < 0.1 region are included;
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e Tight muons, are selected to maximize the purity of muons at the cost of some
efficiency. Only CB muons with at least two hits in MS and satisfying the
medium criteria are considered. Additionally, requirements on normalized y?
of the track fit and the compatibility between ID and MS pr measurements is
employed to further reject background;

e High-pr muons, are optimized for searches for high-mass Z’ and W’ resonances.
To maximize the momentum resolution for muons with pr > 100 GeV, CB
muons satisfying medium requirements and having at least three hits in three
MS stations are included. Regions of the MS are vetoed, where the alignment

is suboptimal.

4.4.3 Muon Isolation

Muon isolation, similarly as the electron isolation, is very powerful in discriminat-
ing prompt muons from backgrounds. Muon isolation selection criteria are defined
using relative isolation variables, p4eeo"¢30 /pr and EiP"* / Bp, where the isola-
tion variables are defined similarly as the electron, with the cone size changed to
AR = min(10 GeV/pk, 0.3) for the track-based isolation variable.

4.5 Jet

Jets are reconstructed from clusters of calorimeter cells using the anti-k; algorithm
with a distance parameter R = 0.4 [64]. The algorithm for the clustering suppresses
noise and pileup by keeping only cells with a significant energy deposit and their
neighboring cells. The jets are calibrated using a dedicated scheme designed to adjust,
on average, the energy measured in the calorimeter to that of the true jet energy. To
reduce the number of jet candidates originated from pileup vertices, jets with pr < 60
GeV within the ID acceptance (|n| < 2.4) have requirements applied to the fraction

of tracks which come from the primary vertex.

4.5.1 B-Jet Tagging

The identification of jets containing b-hadron decays (b-tagging) is very impor-
tant to physics analyses involved with the bottom or top quark. A typical b-hadron
topology as illustrated in Figure 4.1 [65] is the presence of a vertex displaced from

the primary vertex because of the long lifetime of hadrons containing a b-quark (life
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Figure 4.1: Common principles of b-tagging.

time 7 ~ 1.5 ps, ¢7 &~ 450 pm). Based on such features, Boosted Decision Tree

multivariate discriminants (MV2 algorithm) is used for b-tagging [66].
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CHAPTER V

H — 77" = 4/ Event Selection

The Higgs boson decay to four leptons channel, H — ZZ* — 4¢, where { = e or p,
provides good sensitivity for the measurement of Higgs boson properties due to its
high signal-to-background ratio (S/B), fully reconstructed final states and good signal
mass resolution (1 — 2% x mpy, myg = 125 GeV). The signal-to-background ratio is
about 2.2 — 2.3 for all of the four final states: pu™p~ptu~ (4p), ete putu= (2e2u),
ptp—ete™ (2u2e), and efe~eTe™ (4e), in the analysis using data collected at 13
TeV. The first lepton pair is defined as the one with the invariant mass closest to
the Z boson mass. The largest background source for this channel, throughout the
four-lepton invariant mass (mg) range, is from the continuum (Z®) /y*)(Z®™) /)
production, referred to as continuum ZZ* background hereafter. For events with
four-lepton invariant mass below about 160 GeV, there are also smaller background
contributions from Z boson production in association with jets (Z + jets) and top
quark pair (¢t) production with two prompt leptons, where the additional charged
lepton candidates arise from decays of hadrons with b- or c-quark content, from 7/ K

in flight decays, from photon conversions or from misidentification of jets.

5.1 Trigger

In Run-1, four-lepton events were selected with single-lepton and dilepton triggers.
The pr (Et) thresholds for single-muon (single-electron) triggers increased from 18
GeV to 24 GeV (20 GeV to 24 GeV) between the 7 TeV and 8 TeV data, in order to
cope with the increasing instantaneous luminosity. The dilepton trigger thresholds
for 7 TeV data are set at 10 GeV pr for muons, 12 GeV Er for electrons and (6,10)
GeV for (muon, electron) mixed-flavor pairs. For the 8 TeV data, the thresholds
were raised to 13 GeV for the dimuon trigger, to 12 GeV for the dielectron trigger

and (8,12) GeV for the (muon, electron) trigger; furthermore, a dimuon trigger with
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different thresholds on the muon pr 8 and 18 GeV, was added. The trigger efficiency
for events passing the final selection is above 97% in the 4u, 2u2e and 2e2p channels
and close to 100% in the 4e channel for both 7 TeV and 8 TeV data.

In Run-2, single-lepton, dilepton and trilepton triggers are used to select events.
The electron trigger applies loose and medium likelihood identification for multilep-
ton triggers or medium and tight for single-electron trigger, and applies isolation
requirements only in the single-muon triggers. For the 2016 data the pr thresholds
have been raised and the electron identification tightened with the increase of the
peak luminosity during the run. The impact on the signal efficiency is rather small,
below 1%. Globally, the trigger efficiency for signal events passing the final selection
is about 98%.

5.2 Object Selection

Because this channel has a very small Higgs boson decay branching ratio, it is vital
to improve the signal efficiently whenever possible. Thus, the electrons and muons
are selected by loose identification criteria to ensure high efficiencies while suppress
background. The electrons are required to satisfy Etr > 7 GeV, and |n| < 2.47, while
the pr threshold for muons has lowered to 5 GeV from 6 GeV from Run 1 to Run 2,
improving the signal efficiency by 7% in the 4u channel. The increased background
due to the lower pr threshold is mitigated by a requirement on the x? value of a fit
of the four-lepton tracks to a common vertex, which will be discussed later in this
section.

The jets selected are reconstructed using anti-k; algorithm with a distance param-
eter R = 0.4, and satisfy pr > 30 GeV and |n| < 4.5. The jet pr threshold increased
from 25 GeV to 30 GeV in the forward region of 2.7 < |n| < 4.5 from Run 1 to Run 2,
in light of higher pile-up effects due to increased luminosity in Run 2. This increase
in jet pr threshold improves VBF signal significance by a few percent. Pile-up rejec-
tion requirements are placed on the jets having pr < 60 GeV and |n| < 2.4, further
reject pile-up jets. The b-jets identified by the MV2 algorithm with 70% efficiency
are selected requiring pr > 30 GeV and |n| < 2.5.

Since different physics object can be reconstructed from the same detector in-
formation, the next step is to resolve the overlap ambiguity. If an electron and a
muon which share the same ID track, the muon is selected except that if the muon
is a calorimeter-tagged muon, the electron is selected. The jets close to electrons are

removed if their angular separation satisfies AR < 0.2, while the jets close to muons

93



are removed if their angular separation satisfies AR < 0.1, the muon has less than
three tracks and energy energy and momentum differences between the muon and the

jet are small.

5.3 Four-Lepton Selecton

Lepton quadruplets are formed by all possible senarios of two pairs of same-flavor,
opposite-sign lepton in an event. The lepton pair with invariant mass closer to the
Z boson mass is referred to as the leading lepton pair and the other one as the
subleading lepton pair. The invariant mass of the leading and subleading lepton pairs
are denoted as mqs and mgy. For each of the Higgs boson candidate, the pt of the
leading three leptons in order of increasing pr is required to be larger than 20, 15 and
10 GeV, respectively.

Next step is to look for Higgs boson candidate for each of the four sub-channels:
4, 2e2u, 2u2e, 4e. The following procedure is performed in parallel in each sub-
channel. The quadruplet with ms closest to the Z boson mass are chosen as the Higgs
boson candidate. In case there are more than one such quadruplet, the quadruplet
with ms4 closest to the Z boson mass is selected.

Further selections are made to the Higgs boson candiate. Considering in most of
the SM Higgs boson decaying to two Z bosons events, the two Z bosons are produced
with one on-shell and the other one off-shell, and only a tiny fraction of the events
are produced with both Z boson off-shell, mi5 is then required to be between 50 GeV
and 106 GeV, and ms, is required to be in the range m,,;, < mss < 115 GeV, where
Mumin 18 12 GeV for my < 140 GeV, and rises linearly to 50 GeV at my = 190 GeV
and then remains at 50 GeV for my > 190 GeV. Additional, the leptons are required
to be well separated with each other at an angular distance of AR > 0.1 if the two
leptons are of the same flavor and AR > 0.2 otherwise. For 4u and 4e events, if an
opposite-charge same-flavor lepton pair is found to have an invariant mass below 5
GeV, this event is removed to reject background contribution from the process J/v
decaying to a pair of leptons.

The Z+jets and tt background contributions are suppressed by applying track and
calorimeter-based isolation requirements as well as impact parameter requirements
to the leptons. For muons, the requirements are relative track isolation variable
puareoned0 i, < 0.15 and relative calorimeter isolation variable EXP"* /B < 0.30.
For electrons, the requirements are relative track isolation variable p3ereone20 /p, <

0.15 and relative calorimeter isolation variable Ei°”"° /By < 0.20. The transverse
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impact parameter significance, defined as the impact parameter in the transverse
plane divided by its uncertainty, |dy|/0g4,, for all muons (electrons) is required to be
lower than 3 (5).

In order to cope with the increase of the reducible background due to the lowering
of the minimum muon pr requirement (lowered from 6 GeV to 5 GeV), the four
leptons are required to be compatible with the same vertex. A loose x? selection is
applied, corresponding to a signal efficiency of 99.5% for all decay channels, which
further reduces 15% of the Z + jets and ¢t background.

Next, if more than one channel has a quadruplet passing the selection, the channel
with the highest expected signal efficiency is kept, i.e. in the order: 4pu, 2e2u, 2u2e,
4e. Finally, if there are more than four leptons present in the event, an effort is made
to find the most SM Higgs boson signal-like quadruplet. The matrix element squared
of a SM Higgs boson decaying to a pair of Z bosons (M% . ,,.) are calculated for
all possible combinations of four leptons in the event, and the four leptons with the
highest value of the matrix element squared are determined as the Higgs boson decay
products. The matrix element is calculated at LO using MadGraph5_aMC @QNLO [67]
generator and assuming the invariant mass of the four leptons as the SM Higgs boson
mass.

Events satisfying all the above criteria are considered candidate signal events. The
signal selection efficiency is estimated to be 31%, 21%, 17%, 16% for sub-channels
4dp, 2e2u, 2u2e, 4e, respectively.

5.4 Mass Resolution in the H — Z7* — 4/ Detection

After the inclusive event selection, a search for Final State Radiation (FSR) pho-
tons and a Z-mass-constrained kinematic fit to the leading lepton pair are performed
to improve the Higgs signal resolution.

The QED process of radiative photon production in Z boson decays is well mod-
elled by simulation. Some of the FSR photons can be identified in the calorimeter and
incorporated into the four-lepton measurement. This method includes a search for
collinear (for muons) and non-collinear FSR photons (for both muons and electrons)
with only one FSR photon allowed per event. After the FSR correction, the lepton
four-momenta of the leading dilepton are recomputed using a Z-mass-constrained
kinematic fit. The fit uses a Breit-Wigner Z line shape and a single Gaussian to
model the lepton momentum response function with the Gaussian o set to the ex-

pected resolution for each lepton. The Z-mass constraint improves the my, resolution

95



g I
Z() %
yAQ!
et o+

JAQ) o+

(*) 0~

7

(a) (b)

Q|
o~
|

Figure 5.1: Representative diagrams for the quark-antiquark annihilation (5.1a) and
gluon-initiated (5.1b) ZZ* production processes. The particle Z*) in the diagrams
represents Z ) /~*,

by about 15%.

The Higgs boson mass resolution is expected to be about 1.6 GeV, 1.7 GeV, 2.1
GeV and 2.4 GeV for 4pu, 2e2u, 2u2e and 4e sub-channels at the assumed Higgs boson
mass my = 125.09 GeV, respectively.

5.5 Background Estimation

The main background component in the H — ZZ* — 4/ channel is the contin-
uum ZZ* production. Representative diagrams for the quark-antiquark annihilation
process and gluon-initiated process are shown in Figure 5.1. The continuum ZZ*
production is modelled using Monte Carlo (MC) simulations normalized to the SM
predictions and validated in data sideband regions. The MC simulation samples used
in the analyses are described in Section 7.1.2, 8.1.2.2 and 9.1.2.

Additionally, there are background sources including the Z+jets, tt and W Z pro-
cesses, collectively referred to as reducible background, which are estimated with data.
Considering the composition of the reducible background varies according to the fla-
vor of the sub-leading lepton pairs (¢up and ¢lee final states), different approaches
are taken to estimate them with data [68, 69]. The WZ production is included in
the estimation with data in the flee final states, while it is estimated using MC
simulations for the ¢/upu final states.

Other backgrounds come from the production of top quark-antiquark pairs in
association with a vector boson ttV (V = W, Z) and triboson VV'V production
processes, which are minor and are estimated using MC simulations. In summary;,

Figure 5.2 presents the composition of the background in the Higgs signal region
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with a mass range of 118 GeV < my, < 129 GeV, which is used in the Higgs boson
couplings measurement with the Run 2 data collected at /s = 13 TeV in 2015 and
2016.

Z+j ets, ttVI
tt, Wz, VVV,

15.7% “

Figure 5.2: Background composition in the Higgs signal region with mass range
118 GeV < my, < 129 GeV, in the analysis performed using the Run 2 data col-
lected at /s = 13 TeV in 2015 and 2016.

5.6 Expected and Observed Events

The four-lepton invariant mass distributions in Run 1 and Run 2 after event
selection criteria applied are shown in Figure 5.3. Table 5.1 presents the expected
signal and background yields and the observed number of events in the signal region of
115 GeV < my, < 130 GeV for the Higgs boson spin and parity study (Chapter VII)
using the dataset collected at /s = 7, 8 and 13 TeV. Slightly higher number of events
are observed in the dataset collected at /s =8 and 13 TeV, which is not statistically
significant. The mass range of 118 GeV < my, < 129 GeV defines the signal region
for the Higgs boson coupling measurements using the dataset collected at /s =13
TeV (Chapter VIII). The corresponding numbers of expected and observed events are
shown in Table 5.2.

5.7 Event Display

This section presents event display of several H — ZZ* — 4/ candiate events
passing the event selection criteria in Run-1 and Run-2 dataset.

A three-dimensional display is shown in Figure 5.4 [70] of a candidate Higgs boson
event from pp collisions recorded by ATLAS at a center-of-mass energy of 7TeV. The
candidate event is reconstructed in the 4u final state, with my, = 145.8 GeV. The
masses of the lepton pairs are 94.3 GeV and 29.7 GeV, respectively. In the display,

the purple lines show the four muon tracks.
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Figure 5.3: Four-lepton invariant mass distribution after event selection criteria
applied are shown with data candiates (black points), SM Higgs boson signal (red
filled histogram) assmusing a mass of 125 GeV and normalized to a signal-strength
of £ =151in Run 1 5.3a and ¢ = 1 in Run 2 5.3b, and background processes with
systematic uncertainty (purple filled histogram).

Figure 5.5 [71] displays a candidate Higgs boson event from pp collisions recorded
by ATLAS at a center-of-mass energy of 7 TeV. The candidate event is reconstructed
in the 2e2p final state with my, = 124.3 GeV. The masses of the lepton pairs are
76.8 GeV and 45.7 GeV, respectively. In the three-dimensional display, the purple
lines show the two muon tracks including the hits in the MS, the black lines show
two electrons tracks.

Figure 5.6 presents a three-dimensional (central display) and a projection in the
r¢-plane (upper display) [72] of a candidate Higgs boson event from pp collisions
recorded by ATLAS at a center-of-mass energy of 13 TeV. The candidate event is
reconstructed in the 2e2u final state with my, = 129 GeV. The masses of the lepton
pairs are 91 GeV and 29 GeV, respectively. In the display, the two muons tracks are
indicated by the red lines, the two electrons tracks by the blue lines. The energy
deposits in the electromagnetic calorimeter are shown in green, the deposits in the
hadronic calorimeter in yellow. The two yellow cones present two jets in the event.
the red lines show the two muon tracks including the hits in the MS, the green lines
show two electrons tracks with the energy deposit in the electromagnetic calorimeter,

and the violet cones present two jets. The pr of the two electrons, muons, and jets
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SM Signal

47"

tt, Z + jets

Total expected Observed

[Ldt =45 fb™' /s =T7TeV

4y 1.0240.10  0.6540.03  0.1440.06 1.8140.12 3

2u2e  0.4740.05 0.2940.02 0.53+0.12 1.2940.13 1

2e2p  0.64+0.06  0.4540.02  0.13+0.05 1.2240.08 2

4e 0.4540.04  0.2640.02  0.5940.12 1.30+0.13 2

Total 2.5840.25 1.654+0.09 1.39+0.26 5.6240.37 8
[ Ldt =203 fb~", /s =8 TeV

4y 5.8140.58 3.36+£0.17 0.974+0.18  10.14+0.63 13

2u2e  3.004£0.30 1.5940.10  0.52+0.12 5.1140.34

2e2u  3.7240.37  2.334+0.11  0.84+0.14 6.8940.41

4e 2.9140.29  1.44+0.09 0.5240.11 4.8740.32

Total 15.4 +1.5 8.7240.47  2.85+0.39 27.0 +1.6 37
[ Ldt =36.1 b, /s =13 TeV

4y 20.242.1  9.940.5  1.2840.28 31.442.2 33

2u2e  10.9+1.2 46404  1.41+0.25 16.9+1.3 21

2e2u  14.1+£14 71404  1.02+0.23 22.34+1.5 31

4e 10.6+£1.2 44404  1.31+0.23 16.2+1.3 19

Total 5646 26.0+1.5  5.0+0.6 8746 104

Table 5.1: Expected signal, background and total yields, including their total un-
certainties, and observed events in data, in the 115 GeV < my, < 130 GeV signal

region. The number of expected signal events is given for a SM Higgs boson mass of
125.5 GeVfor /s = 7,8 TeV, and 125 GeVior /s = 13 TeV.

is 111 and 16 GeV, 18 and 17 GeV, and 118 and 54 GeV, respectively. The two jets
are separateby by a pseudorapidity difference of 6.4 and have an invariant mass of 2
TeV. This event has an high output score for the BDT5;y pr discriminant described
in Section 8.1.3.5, thus is consistent with the topology of the VBF production of a
Higgs boson decaying to four leptons.

Figure 5.7 [70] displays a candidate Higgs boson event produced with my, = 119
GeV in the 2pu2e final state from pp collisions recorded by ATLAS at a center-of-mass
energy of 13TeV. The candidate event is reconstructed in a beam crossing with 25
additionally reconstructed primary vertices from the minimum bias interactions. The

masses of the lepton pairs are 69 GeV and 42 GeV, respectively. In the display, all
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Final state  Signal 77 Other S/B Total Observed
backgrounds expected
4 19.7+21 75404 1.00 £0.21 23 28.1+2.1 32
2e2u 1354+14 5354029 078+0.17 22 19.74+14 30
2u2e 104+£1.2 357+029 1.094+0.19 22 151£1.2 18
4e 99+1.2 3354031 1.01+0.17 23 143+1.2 15
Total 54+ 6 19.7+1.3 39405 2.3 77T +6 95

Table 5.2: The number of expected and observed events passing event selection criteria
and in the mass range of 118 GeV < my, < 129 GeV with an integrated luminosity
of 36.1 fb~! collected at /s = 13 TeV. The signal process is assuming the SM Higgs
boson with a mass of 125.09 GeV.

the tracks with pr above 4 GeV are included, in which the red lines show the two
muon tracks including the hits in the MS, the green lines show two electrons tracks
with the energy deposit in the electromagnetic calorimeter. As shown in the lego
plot on the bottom right, the pr of the two muons and electrons is 29 and 31 GeV,
23 and 19 GeV, respectively. This event has a high output score for the BDTy,
discriminant which will be described in Section 8.1.3.5, thus has a high probability of
being produced in the H — ZZ* — 4/ process.
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Run Number: 190300,
Event Number: 60554334
Date: 2011-10-04, 05:25:26 CET

EtCut>0.3 GeV
PtCut>3.0 GeV.
Vertex Cuts:

Z direction <lem

Muon: blue /
Cells:Tiles, EMC

Persint

Figure 5.4: Display of a candidate Higgs boson event in the 4u final state with the
event number 60554334 and run number 190300 in pp collisions recorded by ATLAS
at a center-of-mass energy of 7 TeV.

b T

Run Number: 182796,
Event Number: 74566644
Diate: 20010530, 06:54:29 CET

EtCuE-0.3 Ge¥
PICUt-2.0 GeV
Verte Cutsz
 diveetion <1ene
Rphi <lens

Electron: Black™ = —=
Lells:iles, EMC.

Figure 5.5: Display of a candidate Higgs boson event in the 2e2y final state with the
event number 74566644 and run number 182796 in pp collisions recorded by ATLAS
at a center-of-mass energy of 7 TeV.
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« YATLAS

EXPERIMENT

Figure 5.6: Another display of a candidate Higgs boson event in the 2e2yu final state
with the event number 74566644 and run number 182796 in pp collisions recorded by
ATLAS at a center-of-mass energy of 13 TeV. The topology of the event is consistent
with the VBF production of a Higgs boson.
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ATLAS

EXPERIMENT

Run Number: 304431, Event Number: 2206548301

Date: 2016-07-25 05:01:07 UTC

Figure 5.7: Display of a candidate Higgs boson event in the 2pu2e final state with the
event number 2206548301 and run number 304431 in pp collisions recorded by ATLAS
at a center-of-mass energy of 13 TeV. The candidate event is reconstructed in a beam
crossing with 25 additionally reconstructed primary vertices from the minimum bias
interactions. All the tracks with pr above 4 GeV are included, in which the red lines
show the two muon tracks including the hits in the MS, the green lines show two
electrons tracks with the energy deposit in the electromagnetic calorimeter.
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CHAPTER VI

Statistical Method

Statistical method is the bridge connecting the data selected in a certain physics
analysis and the physics quantity that we aim to probe or measure. The probabil-
ity of an event to happen is determined by the underlying physics laws. Thus, the
experimental data are random by nature. Furthermore, fluctuations in the detector
response such as scale, resolution and efficiency and etc., also introduce uncertainties
in the data. In this chapter, we will discuss the statistical method used in this dis-
sertation in the statistical modeling and the procedure to estimate from the data the
central value or upper limit and the associated uncertainties of the physics quantities

under study.

6.1 Statistical Modeling

6.1.1 Parameterization

Parameters («) in physics analyses in this dissertation can be separated into two
groups, the parameter of interest denoted as p and nuisance parameters denoted as
6 hereafter, thus oo = (p, ).

The parameter of interest p, stands for the quantity the analysis is aiming to mea-
sure. In the Higgs boson coupling measurements under the x-framework which will
be discussed in Chapter VIII, the parameters of interest are the couplings modifiers
kr and Ky .

Nuisance parameters 6 represent certain aspects of the analysis, such as physics ob-
ject construction and identification efficiencies, energy scale and resolution, luminosity
measurement uncertainty, and the theoretical uncertainties for signal and background
modeling and estimation, some of which are estimated from dedicated auxiliary mea-

surements, such as control regions, sidebands, data-driven background estimates and
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calibration measurements. The auxiliary measurement fy,,(Daus | @, Qother) Provides
a maximum likelihood estimate for o, a,, and a standard error o,. Thus, the prob-
ability model for an auxiliary measurement f,(a, | a,,0,), referred to as constraint

terms hereafter, can be approximately modelled using a Gaussian function:
fla, | ap,0p) = Gauss(ay, | oy, 0p). (6.1)

In case of an intrinsically non-negative parameter where the Gaussian function does
not apply, such as event yields and energy scale uncertainties, or in case of a pa-
rameter which is not associated with an auxiliary measurement, such as theoretical
uncertainties from the choice of renormalization and factorization scales and missing
higher-order corrections in a theoretical calculation, the constraint term can take the

form of the log-normal distribution, which is given by:

fay | ) 1 _<1n<?p/a)g>>2 6.2)
ap | ap, k) = ———e  20nx .
P V2ra,lnk

where k =1+ 0,/a,.

6.1.2 Likelihood Construction

In experimental high energy physics, Poisson distribution

e*”c(a)yc(oz)"c

7!

Pois(n. | ve(a)) = (6.3)
is often used to model the possibility of the number of events observed in data (n.)
when the expected average number of events is v(«) in an analysis channel or category
c !, which is defined by certain event selection criteria.

In addition to a counting experiment based on the number of selected events,
discriminating variables are often used to distinguish between different processes. As
an instance, in the search for new resonances in the four-lepton final state which will
be discussed in Chapter IX, the invariant mass of the four-lepton system (my,) is
used to separate the signal from background processes. Denoting the discriminating
variable as x, the probability density function (pdf) can be written as f(z|«a).

For a channel with n. events observed in the dataset, the data are represented by
a set of values of the discriminating variables for each event D, = {x1 ., Tac, ..., Tp, o }-

The probability model for this type of data is referred to as an unbinned extended

LA channel or category is referred to as a channel in this chapter
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likelihood or marked Poisson model 2. The likelihood model L. for channel c, can be

expressed in Equation 6.4:
F.(D | a) = Pois(n. | v.(a Hf (Tee | (6.4)

where the event rate and pdf could have contributions from several individual pro-
cesses, such as different Higgs boson production processes and background processes
in the Higgs boson couplings measurement as described in Chapter VIII. The total

rate is the sum of the rates from individual processes

ve(a) = Z Ve () (6.5)

ke€processes

and the total pdf is the weighted sum of the individual pdfs

falo)= s 3 vesl)furle 0 (6.6

keprocesses

An analysis may include several channels, for instance, the mine categories used in
the Higgs boson couplings measurement described in Chapter 8.1.3. The channels
are combined by multiplying the likelihood of each channel, and the combined model

can be written as

N

Leomp(Deomp | @) = H[Pozs ne | ve(a Hf Tep | (6.7)

=1
where e and c is the event index and channel index, respectively. n. is the number
of events observed in channel ¢, and N is the total number of channels in included
in the analysis. x.. denotes the value of the discriminating variable of the eth event
in the ¢ channel. The combined data are a set of data from individual channels:
Deomp = {D1, Ds, ..., Dy }.

As the last step in constructing the full likelihood, the constraint terms for the

nuisance parameters are multiplied to Equation 6.7, thus the full model can be written

Leom(Deom, G | @) = [ [ [Pois(ne | ve(a H fas o) - T fap | ap,0p).  (6.8)
c=1 peS

2Tf the pdfs use the distribution of binned histogram, the unbinned extended likelihood is equiv-
alent to binned extended likelihood.
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where the set of nuisance parameters constrained by auxiliary measurements is de-
noted as S and a set of estimates of those parameters, also referred to as global

observables, is denoted G' = a, with p € S.

6.2 Statistical Approach

A test statistic is used in statistical hypothesis testing as a gauge to distinguish
the null from the alternative hypothesis. Two kinds of test statistics are used in the
analyses in this dissertation. The profile likelihood ratio test statistic [73] is used to
derive confidence intervals or an upper limit on a measured quantity, and to obtain
levels of compatibility between the two hypothesis. The Higgs boson production and
rate measurement in Chapter VIII and the search for new resonances in the four-
lepton final state in Chapter IX, both use the profile likelihood ratio test statistic.
The other test statistic is ratio of likelihoods, which is used in the spin and parity
study of the Higgs boson discussed in Chapter VII.

The test statistic is defined such that larger values imply increasing level of dis-

agreement, which can be quantified in terms of p-value

p(u) = / F(t, | ), (6.9)

p,0bs

which is calculated by integrating the corresponding distribution of the test statistic
f(t, | i) above the observed value of the test statistic in data ¢, ops.

The distribution of the test statistic, f(¢, | 4), can be obtained by the ensem-
ble from Monte Carlo pseudo-experiments. This approach is used in the spin and
parity study of the Higgs boson. In case of the profile likelihood ratio test statistic
and the statistics in data is sizable, f(t, | 1) can be well approximated by explicit
formulae [73], which will be discussed in more detail later in this Chapter. This ap-
proximation method is used in the Higgs boson production and rate measurements
in Chapter VIII and the search for new resonances in the four-lepton final state in
Chapter IX.

In particle physics, the p-value can be converted into an equivalent significance 7,
defined as

7 =71 —p) (6.10)

where ®~! is the quantile of the standard Gaussian function. In search for new

physics, to constitute a discovery in particle physics, a significance of at least Z = 50
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is needed to reject the background hypothesis. This corresponds to a p-value of
2.87 x 107. Z = 30 indicates evidence for new physics. In case no evidence of new
physics is observed in data, an upper limit p,, for the new physics process is often
set at 95% modified confidence level C'Ly [74], where pu,, satisfies C'Lg(jtyp) = 95%
and C'L, is defined as:

P

where p,, is the p-value for the signal with size p plus background hypothesis and py
for the background-only hypothesis. The C'L procedure is formulated to ensure that
a signal hypothesis would not be excluded when the sensitivity of the experiment is
little.

For a measurement, the confidence level (CL) intervals or contours of the measured
quantity are defined such that the boundaries of 100(1 — 8)% CL intervals [u1, j2],

satisfy P(u1) = P(p2) = 5.

6.2.1 Profile Likelihood Ratio

For a given dataset D, the likelihood function 6.8 is referred to L(u,#) for

short, hereafter. The likelihood ratio is constructed to be,

Ay = Zn0m) (6.12)
L(i,0)

where 1 and 6 are the maximum likelihood estimates (MLEs) for parameters of inter-
est and nuisance parameters respectively, which are the values of the parameters that
maximize the likelihood function L(u,0). 6 is the conditional maximum likelihood
estimate of # which maximizes the likelihood function with parameters of interest
fixed to a certain value. It can be seen that by definition, 0 < XA < 1, and A value
near 1 indicating good agreement between the data and the hypothesized value of u,

and smaller values indicating increasing level of disagreement between the two.
In case the parameter of interest is physically non-negative, ;1 > 0, an alternative

likelihood ratio is defined as:

L) 5> g

_ L(j0) =
(n) = L) 5 <0 (6.13)

L(0,6(0))’
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6.2.1.1 Test Statistic ¢,

The profile likelihood test statistic is defined as
t,=—2InA(n) (6.14)

to measure the level of disagreement between the data and the hypothesized value
of p. The sampling distribution of ¢, can be well approximated by a chi-square

distribution with n degree of freedom x2(¢,) [73]:

ftu | p) = Xi(tu) (6.15)

where n is the number of parameters of interest. The value of ¢, close to 0 means
agreement between the data and the hypothesized value of p, while larger values
imply increasing level of disagreement, which can be quantified in terms of the p-

value defined in Equation 6.9:

e}

p(i) = / N2t ), (6.16)

ty,,obs

which can convert to the corresponding Gaussian significance using Equation 6.10.
For one degree of freedom n = 1, 68.3% (Z = 1o), 95.4% (Z = 20), and 99.7%
(Z = 30) CL intervals are given by the values of p which satisfy ¢, = 1.0, 4.0 and 9.0,
respectively. In this dissertation, the values of y are obtained by a numerical method.
As an example, Figure 6.1 shows, in the measurement of the combined ggF and bbH
production in the H — ZZ* — 4( channel (parameter of interest y = (o - B)2%)
which will be discussed in Section 8.1, the test statistic ¢, (or —2In A displayed in
Figure 6.1) versus (o - B)ggZF distribution obtained by using Spline to interpolate
individual ((¢ - B)4%, t,) points. The expected experimental sensitivity and observed
results in data are obtained by fitting the likelihood to the Asimov data [73] and to
the data, respectively. The p values where the Spline and lines ¢, = 1,4, 9 cross give

the 68.3%, 95.4% and 99.7% CL intervals. This kind of plot is referred to as NLL

scan hereafter.
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Figure 6.1: NLL scan to measure (o-B) gng +bbHs the combined ggF and bbH production
in the H — ZZ* — 4/ channel. The blue and black lines show the NLL scans for the
expected experimental sensitivity and observed results in data, respectively.

6.2.1.2 Test Statistic ¢y for Discovery of a Positive Signal Process

The statistic for the discovery of a positive signal is defined as:

—2InA(0), >0
Qo = © /f (6.17)
0, i< 0.

The sampling distribution of gy can be well approximated by:

e~90/2, (6.18)

f(q | 0) = %5((10) +

Therefore, the p-value to quantify the compatibility with background-only hypothesis

are calculated using the equation:

p(p) =1 - 2(Vq0) (6.19)

where ® represents the cumulative distribution function of the standard Gaussian

distribution. The corresponding signal significance can be calculated by:

Z(0) = V. (6.20)
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As an example shown in Figure 6.1, the expected and observed ggF significance in

data are found to be /—2In A(0) = 5.80 and 6.20, respectively.

6.2.1.3 Test Statistic ¢ for Upper Limits

An upper limit is often set in a search when no significant excess over background

is observed in data. The test statistic for upper limit of a signal process is defined as

B —2InA(p), o>

0, < p.

The presentation of upper limits in this dissertation are set at 95% CL, including
the observed limit in data, the expected limit which is the median upper limit under
the background-only hypothesis, a £10 and a £20 expected limit band, as shown in
Figure 9.2 for instance. The method to calculate the upper limit is described in detail
in Ref. [75, 76].

6.2.2 Ratio of Profiled Likelihoods

The ratio of profiled likelihoods test statistic applicable in a hypothesis test. De-
noting the null and alternative hypothesis as Hy and H;, the ratio of profiled likeli-
hoods is defined as .
L(Hy,0u,)

), (6.22)
L(Hy,0g,)

q=In
where 0, and 0y, are the conditional maximum likelihood of the nuisance parateters
which maximizes the likelihood function for the null and alternative hypothesis, re-
spectively. This test statistic is used in the Higgs boson spin and parity study the
and the method is described in detail in Section 7.1.3.

The implementation of the statistical modeling and procedures is based on the
RooFit [77], RooStats [78], and HistFactory [79] packages.
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CHAPTER VII

Studies of Higgs Boson Spin and Parity

In the Standard Model (SM), the Higgs boson is a spin-0 particle with even parity.
Studying the spin and parity of the newly discovered boson is hence crucial in confirm-
ing whether it is the Higgs boson SM predicted. The H — ZZ* — 4/ channel plays a
pivotal role in this study due to the fully reconstructed final state and the rich angular
information in the final state. A two-dimensional analysis method based on Boosted-
Decision-Tree (BDT) is used to separate the SM hypothesis from non-SM spin and
parity hypotheses and to improve background rejection. This method achieves similar
sensitivity and serves as an independent study, to cross-check the baseline method
based matrix-element discriminant in the Run 1 ATLAS Higgs Spin/CP legacy pa-
per [80]. To maximize the experimental sensitivity regarding the Higgs boson spin

and parity, the studies in the diboson decay channels (v, ZZ*, WW*) are combined.

7.1 Signal and Background Simulation

7.1.1 Signal Simulation

The SM Higgs boson ggF production is modelled using the Powheg-Box [81] gen-
erator at NLO, interfaced to Pythia 8 for parton showering and hadronization. To
improve the modeling of the SM Higgs boson prp, each MC event is reweighted so
that pr g matches the prediction of the NNLO and next-to-next-to-leading-logarithms
(NNLL) dynamic-scale calculation given by the HRes2.1 [82, 83] program.

For the non-SM signals, the spin-2 samples are generated at LO using the Mad-
Graphb_aMC [84] generator. The spin-0 samples are generated using Powheg-Box
generator for the signal production process and using JHU [85, 86] generator at LO

for the decay process.
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7.1.2 Background Simulation

The ZZ* continuum background is modelled using Powheg-Box [81] for quark-
antiquark annihilation and gg277 [87] for gluon-initiated process. The PDF+qa;, and
QCD scale uncertainties are parametrized as functions of my, following the recommen-
dation in [88]. For the ZZ* background in the Higgs signal region of 115 < my, < 130
GeV, the quark and gluon-initiated processes have a QCD scale uncertainty of 5%
and +25%, and PDF+a; uncertainty of +4% and £8%, respectively. Sherpa [89]

generator is used for the simulation of W Z production.

7.1.3 Statistical Modeling

A likelihood function, £(data | J¥, u,#), that depends on the spin-parity assump-
tion of the signal is constructed as a product of conditional probabilities over binned

distributions of the discriminant observables in each channel:

Nchann. Nbins

Cdata| I, 1,0) = T TI Pois(nic | ne-S7(0) +Bio() - f.(6) . (7.1)

where the inclusive signal strength parameter introduced in Section 2.2.4.4, u., rep-
resents the measured signal production cross section divided by the SM Higgs boson
prediction in the Higgs decay channel ¢ and under a certain spin-parity assumption
of the signal. The likelihood function is a product of Poisson distributions Pois cor-
responding to the observation of n; . events channel ¢ and in bin ¢ of the discriminant
observables, given the expectations for the signal, Si(ip)(ﬁ), and for the background,
B, .(f). The symbol 6 represents nuisance parameters, and the corresponding con-
straint terms are represented by the functions f.(6).

While the couplings are predicted for the SM Higgs boson, they are not known a
priori for the BSM hypotheses introduced in Section 2.2.4.3. In order to be insensitive
to assumptions on the couplings of the BSM resonance to SM particles, the numbers
of signal events in each Higgs decay channel, for each different LHC centre-of-mass
energy and for each tested hypothesis, are free parameters in the model. This is
included in the likelihood by having independent parameters p. parameter for each
decay channel in the likelihood.

The test statistic ¢ used to distinguish between the two tested spin-parity hy-
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potheses is a ratio of profiled likelihoods [90, 91]:

~
~
~

P 2
ﬁ(JSM>#J§Ma€J§M) (7.2)

qg=1In - =
P A~
E(JBSM7MJ§SAI’9J§SJ\/I)

where L£(JT, ﬁ JP, 5 sP) is the conditional maximum likelihood value evaluated under
either the SM JE; = 07 or the BSM J&g,, spin-parity hypothesis. The parameters
,& gp and 0 sp represent the values of the signal strength and nuisance parameters fitted
to the data under each spin and parity hypothesis.

The distributions of the test statistic for both the JZ,, and the J&g,, hypotheses
are obtained using ensemble of all possible outcome from MC pseudo-experiments.
For each hypothesis test, about 100000 such pseudo-experiments were generated.
The generation of the pseudo-experiments uses the numbers of signal and background
events in each channel obtained from the conditional maximum likelihood fits to data
under either the SM JL), = 07 or the BSM J%s,, spin-parity hypothesis. In the fits
of each pseudo-experiment to get the corresponding ¢ value, parameters are profiled,
i.e. fitted to the value that maximizes the likelihood for each value of the parameter
of interest.

The distributions of ¢ are used to determine the corresponding p-values p(J&,,) =
p*M and p(JEg,,) = pPM. For a tested hypothesis JEq,,, the observed (expected) p-
values are obtained by integrating the corresponding distributions of the test statistic
above the observed value of ¢ (above the median of the JZ&,, ¢ distribution). Very
small values of the integral of the distribution of the test statistic for the JEq,,
hypothesis, corresponding to large values of ¢, are interpreted as the data being in
disagreement with the tested hypothesis in favor of the SM hypothesis. The exclusion
of the alternative JI, hypothesis in favor of the SM J&,, hypothesis is evaluated in
terms of the modified confidence level C'Ly(JEq,,), defined as [74]:

CLu(TEsy) = 1]’_(‘;—% (7.3)

7.2 Studies of Spin and Parity in the Four-lepton Decay
Channel

Events with an invariant mass of the four-lepton system between 115 and 130 GeV
are used in the analysis. The selected events are then classified into four categories

depending on the flavor of the leptons: 4u,4e,2e2u,2u2e, which improves the sen-
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sitivity of the spin and parity study comparing to one inclusive category due to the
categories with higher sigal-over-background ratio will have a bigger weight in the
combined results including all categories. Each category uses the BDT output score
of the spin and parity sensitive BDT to separate the two tested signal hypothesis and
the background rejecting BDTy, discriminants to build the two-dimentional model.
This section will discuss the spin and parity sensitive observables, the BDT dicrimi-
nants, systematic uncertainties and the results for the study of spin and parity in the
H — Z7Z* — 40 channel using the BDT approach.

7.2.1 Spin and Parity Sensitive Observables

Figure 7.1: Definitions of the angular observables sensitive to the spin and parity of
the resonance in the X — ZZ* — 4/ decay.

The final-state observables sensitive to the spin and parity of a boson decaying to
247 — 40 are two production angles 6* and @4, three decay angles ®, 6, and 65, and
two masses mis and mg4 which are the invariant masses of the leading and subleading
lepton pair. The angles are defined in the four-lepton rest frame in the following way

and are illustrated in Figure 7.1:

e 01 and 6, are the angles between the negative-charged leptons in the final state

and the direction of flight of their associated Z bosons;

e & is the angle between the two decay planes formed by the two lepton pairs

from Z boson decays;
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e ®, is the angle between the decay plane of the leading lepton pair and a plane
defined by the momentum of the Z boson associated with the leading lepton

pair (Z;) in the positive z direction;

e 0* is the production angle of the Z; formed by the direction of Z; momentum

and the positive z direction.

In the case of a spin-0 boson, the production variables cos(#*) and ®; are not sensitive,
since the resonance has no spin axis with which one can define these angles. Repre-
sentative distributions of the final-state observables sensitive to the spin and parity of
the decaying resonance are presented in Figure 7.2, where the events observed in data
are superimposed with the distributions for the SM J¥ = 0% and non-SM J¥ = 0~
simulated events, as well as for ZZ* production and reducible backgrounds in the

signal region of 115 GeV < my, < 130 GeV.
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Figure 7.2: Distributions of representative final-state observables sensitive to the
spin and parity of the resonance in the signal region 115 GeV < my, < 130 GeV with
data (points with errors), backgrounds (filled histograms) and two signal hypotheses
SM 07 in solid green line and non-SM J¥ = 0~ in dashed green line.

76



7.2.2 BDT Discriminants

As seen in Figure 7.2, it is hard to distinguish 07 and 0~ hypothesis, therefore
a multivariate analysis BDT approach is used to improve the sensitivity. The spin
and parity hypothesis test is based on two kinds of BDT discriminant. One kind to
distinguish between different spin and parity hypotheses (BDT discriminant), and the
other kind to separate background processes from the signal (BDTyz discriminant).
The two-dimensional BDT output score is used as discriminant in the likelihood. The

BDT discriminants are trained on the following variables based on MC simulations:
e JP =0%vs. 07 and 0% vs. 0} : mya, ma4, cos(6y), cos(6), ¢

e JP = 07 vs. 2% including universal and non-universal couplings: mia, Mmaa,

cos(by), cos(by), ¢, cos(0%), ¢,
e SM Higgs vs. continuum ZZ*: muy, pr.as, Nae, Dzz+

where myy, pr.4¢, and 74 are the invariant mass, transverse momentum, and pseudo-
rapidity of the four-lepton system, respectively. The Kinematic Discriminant (Dyz-)
is defined based on two matrix-elements:

M2

%) (7.4)
M3,

where Mj;, corresponds to the matrix element for the signal process, assuming the SM
Higgs boson spin and parity quantum number 0" and the mass of signal to be my,.
M7z is the matrix element for the ZZ* background process. Both matrix elements
are computed at LO using MadGraphb [67].

The BDT training was performed using the TMVA toolkit [92] using gradient
boosting and bagging resampling method. The parameters of the BDT training setup
includes shrinkage for the learning rate for the GradBoost algrithm (Shrink.), node pu-
rity limit (MNP), signal over background ratio (S/B), bagged sample fraction (BSF),
number of grid points in variable range used to find the optimal cut in node splitting
(Ncuts), and the max depth of the decision tree allowed (MaxDepth). The values
found to provide the largest separation power without the BDTs being overtrained
and hence adopted in the analysis are summarized in Table 7.1.

The spin and parity BDT training is performed with the four different final states
included, while the BDT is trained for each four-lepton final state separately which
is found to improve the discriminating power. The BDT training for the 7 and 8 TeV
analysis is performed using MC samples produced at /s =7, 8 TeV, respectively.
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Separated Hypotheses =~ Nryees Shrink. MNP S/B BSF  Ngys MaxDepth

JP = 0%, 0~ 200 010 05 1 06 20 3
JP =0+, 0F 800 003 06 1 08 20 3
JP =0t 2+ 200 010 05 1 06 20 3
SM Higgs, ZZ* — 4e 300 003 06 15 06 20 3
SM Higgs, ZZ* — 4 900 005 0.6 15 06 20 5
SM Higgs, ZZ* — 22 300 0.03 06 15 06 20 3
SM Higgs, ZZ* — 2u2e 300  0.02 06 15 06 20 3

Table 7.1: Parameters used in the BDT training.

Each MC samples are separated at random into two subset of MC samples, one of
them is used to train the BDT while the other subset to check if the BDT training
process has picked up features caused by statistical fluctuations in MC instead of
real physical features, which is referred to as overtraining hereafter. The BDT distri-
butions obtained from the training and testing processes for the 8 TeV analysis are
shown in Figure 7.3 for the spin and parity BDT and in Figure 7.4 for the BDTy,.
The integral of the receiver operating characteristic curve is computed for the distri-
butions in training and testing to study the degree of overtraining. Differences of 1%
or smaller in the integral are observed for all the BDTs, which indicate they are not
overtrained. The BDTs for the 7 and 8 TeV analyses are found to be very similar
indicating tiny dependence on the center-of-mass energy, hence, the BDTs for the
8 TeV analysis are used in the 13 TeV analysis where MC signal samples are not

available.

x
l
z
3
=3

02 04 06 08 MY . 06 08 -0 X . X 08
BDT_0pOm response BDT_0pOph response BDT_Op2mh response

Figure 7.3: BDT discriminant distributions of MC samples for training and testing
for the 8 TeV analysis for J?» = 07 vs. J? = 0~ (7.3a), J* = 07 vs. JP = 0/
(7.3b), JP = 07 vs. JP = 2% with universal couplings separation (7.3c). The SM
Higgs 0 hypothesis is labeled as signal while the BSM signal hypothesis is labeled
as background process.
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Figure 7.4: BDT discriminant distributions of MC samples for training and testing
for the 8 TeV analysis for the J» = 07 (labeled as signal) versus ZZ*-continuum
(labeled as background) separation in final state 4e (7.4a), 4u (7.4b), 2e2u (7.4¢) and
2pu2e (7.4d).

7.2.3 Systematic Uncertainties

Source of the systematic uncertainty Relative impact
Higgs boson mass experimental uncertainty +2.8%
Muon momentum resolution +0.8%
Z + jets, tt bkg contribution in ffuu final state +0.7%
e/~ resolution model (constant term) +0.7%
Z7* pdf +0.6%
Z + jets, tt bkg contribution in ¢fee final state +0.6%
Z 7 scale +0.5%
e/~ resolution model (sampling term) +0.5%
Luminosity +0.5%

Table 7.2: Relative impact of the leading systematic uncertainties on the expected
separation expressed in terms of numbers of standard deviations, between the SM
JP = 0% and the BSM J¥ = 0~ hypotheses.
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Two general types of systematic effects impact the spin and parity study: un-
certainties on discriminant shapes due to experimental effects, and uncertainties on
background normalizations from theory uncertainties and data-driven background es-
timates. All sources of systematic uncertainty are first included in the analysis, the
relative impact from each of the sources on the final separation significance is then
evaluated, and finally sources affecting the final separation significance by less than
+0.5% are neglected. The sources of systematic uncertainty with no negligible impact
on the separation between the SM J¥ = 0% and J© = 0~ hypotheses are shown in
Table 7.2, including experimental uncertainty on the measured Higgs boson mass of
500 MeV, the modeling of the irreducible ZZ* background, the uncertainty on the
integrated luminosity and the uncertainties on the electron and muon reconstruction.
The Higgs boson mass uncertainty has the largest impact of about 2% due to the use
of my as an input variable to the BDTy; discriminant. The total relative impact of
all systematic uncertainties on the separation significance between the hypotheses is
estimated to be about +5%.

7.2.4 Results in the Four-Lepton Channel

The observed and expected distributions of the BDT output score which are sen-
sitive to separate SM Higgs from the tested BSM hypothesis, are shown in Figure 7.5.
The data is found to be more compatible with the distribution of the BDT predicted
by the SM Higgs boson than the BSM signal hypothesis in all cases. To illustrate
the two-dimentional approach, the BDT ;, versus the spin and parity sensitive BD'T
discriminant plot for the J¥ = 0% versus J¥ = 0~ hypothesis test are shown in Fig-
ure 7.6, including the data, SM J¥ = 07 signal and the background process. The
events populated towards the bottom region of the plot have a higher probability to
be originated from background processes, while events populated in the top region of
the plots are more signal-like.

The exclusion limit given by the observed value of the test statistic in the data
and the sampling distribution from ensemble of MC pseudo experiments as shown
in Figure 7.7 and 7.8. The quoted p-values is calculated as the integral the right
tail of the test statistic distribution of the BSM hypothesis from the value of the test
statistic in data. Table 7.3 summarizes the separation significance and p-values of the
hypothesis test results based on the full Run 1 dataset collected in 2011 and 2012,
Run 2 dataset collected in 2015 and 2016 corresponding to 36.1 fb~! at 13 TeV, and
their combination. In the combined result, all tested BSM hypotheses are rejected

by about 40 or more in favor of the SM Higgs hypothesis. For the SM Higgs boson

80



JP = 0% versus the spin-2 with universal couplings hypothesis test, given the spin-2
hypothesis has been excluded by 3.20 and 4.10 based on the Run 1 and Run 2 data,
respectively, it is expected that the exclusion significance combining Run 1 and Run
2 data should exceed 50. An exclusion significance of > 4.30 is quoted in Table 7.3
because the large number (about 107) of MC pseudo-experiments required and only
a number of 2.4 x 10> MC pseudo-experiments have been generated due to the time

limitation in generating the pseudo-experiments.

Vs =T+8TeV
Tested Hypotheses B o [, o
0t, 0~ 0.001  0.012 0.78 | 3.100  2.260
0t, 0f 0.016  0.037 0.63| 2140 1.78¢c
0, 2% ( kg = ky) 0.009  0.0007 0.23 | 2360 3.20
0t, 2% ( ky = 2k,; pru <125 GeV) | 0.036  0.017 0.38 | 1.800 2.120
07,27 ( ky = 2k,; pru <300 GeV) | 0.018 0.0023 0.23 | 2.090 2.840
07,27 ( kg =0; pru < 125 GeV) 0.040  0.037 049 | 1.750 1.78¢c
0",2%( kg =0; pru < 300 GeV) 0.018  0.030 0.58 | 2.10c 1.88¢
Vs =13 TeV
Tested Hypotheses |  pBSM oBSM - pSM Jgim: i
0+, 0~ 1.8-107* 3.60 0.059 | > 4o
0t, 0f 5-107°  3.90 048 3.90
0F, 2%( kg = ky) 2:107° 410 0.58 410
Vs=T+8+13 TeV
Tested Hypotheses pBM oBSM - pSM ae'i?pljﬁ:ﬂ
0t, 0 2.1-107° 410  0.049 | > 4.30
0*, 0 7.1-107° 3.80  0.31 4.30
0F, 27 ( kg = ky) <83-10% >430c 069 | >4.30

Table 7.3: Expected and observed p-value and the corresponding significance in spin

and parity hypotheses tests.
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7.3 Combined Studies of Spin and Parity in Diboson Decay

Channels

7.3.1 Input Analyses and the Combined Model

To improve experimental sensitivity, analyses in the diboson channels are com-
bined. The analysis in the I — 7~y channel is sensitive to the hypothesis test between
the spin-2 hypotheses and the SM Higgs boson, while the analyses in the H — ZZ*
and H — WW?™* channels are sensitive to separate both the spin-2 and the BSM
spin-0 hypotheses from the SM Higgs boson. While combining the three analyses,
the signal strength parameters for the different decay channels are kept independent

in order not to introduce model dependency.

7.3.2 Results in Combining Diboson Channels

As summarized in Table 7.4, data favor the SM Higgs boson hypothesis and all
tested BSM hypotheses are rejected at a more than 99.9% modified confidence level
(C'Lyg) in favor of the SM hypothesis. Figure 7.10 includes representative plots showing
the test statistic value observed in data and the expected distributions of the test

statistics for the SM Higgs boson hypothesis and the BSM signal hypothesis.

Tested Hypothesis pz)lfp =i poM pat Obs. CLs (%)
0; 47-107% 085 7.1-107° 4.7-1072
0~ 1.3-107*  0.88 <3.1-107° < 2.6-1072
21 (kg = Ry) 29-10* 0.61 4.3-107° 1.1-1072
2% (kg = 0; pr < 300GeV) <31-10° 052 <3.1-107° <6.5-1073
27 (ke = 0; pr < 125GeV) 39-107*  0.71 4.3-107° 1.5-1072

2*(k, = 2k, pr < 300GeV) <3.1-1075 028 <3.1-107° <43.1073
2% (kg = 2ky; pr < 125GeV)  1.2-1073 080 7.3-107° 3.7-1072

Table 7.4: Expected and observed p-values for different spin-parity hypotheses, for
the combination of the three channels: H — ~v, H — ZZ* and H — WW¥*. The
observed C'Lg for the non-SM hypothesis is reported in the last column.
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Figure 7.7: Distributions (histogram) of the test statistic given by ensemble of MC
pseudo experiments for the two tested hypotheses, and the value (black line) observed
in the data collected at /s = 7 and 8 TeV, for the hypothesis tests using the BDT
output score as discriminant in the likelihood in the four-lepton channel: 0t SM
versus 0~ (7.7a), 07 SM versus 0; (7.7b), 07 SM versus 2" with universal couplings
to fermions and bosons (7.7¢), 07 SM versus 2 with low gluon fraction and prp <
125 GeV (7.7d), 07 SM versus 2% with low gluon fraction and pr g < 300 GeV (7.7¢),
2% with low quark fraction and pry < 125 GeV (7.7f), and 07 SM versus 2% with
low quark fraction and pr g < 300 GeV (7.7g), respectively.
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in Section 7.1.3,

Representative distributions of the test statistic ¢ defined

Figure 7.10

for the combination of the diboson decay channels. The observed values are indicated
by the vertical solid line and the expected medians by the dashed lines. The shaded
areas correspond to the integrals of the expected distributions used to compute the

p-values for the rejection of each hypothesis.
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CHAPTER VIII

Higgs Boson Couplings Measurement

In the SM, all coupling strengths of the Higgs boson to the SM vector boson and
fermions can be precisely calculated once its mass is known. Thus, measuring the
Higgs boson coupling strengths is a powerful approach to look for new physics beyond
the SM from possible deviations in the measurement from the SM expectations. The
Higgs boson coupling strengths can be probed in the Higgs boson production and
decay vertices. Hence, measuring the Higgs boson production and decay rates is
crucial for the Higgs boson coupling measurements. In order to be sensitive to different
Higgs production mechanisms, several categories are designed. The H — ZZ* —
4¢ channel is the most sensitive Higgs decay channel to measure the Higgs boson
coupling to the Z boson. In terms of production mechanisms, this channel is most
sensitive to the ggF' production mechanism. This chapter will discuss the Higgs boson
coupling measurements in the H — ZZ* — 4/ channel using data corresponding to
an integrated luminosity of 36.1 fb™' at /s = 13 TeV.

Based on the current statistical power in the LHC data, there is no single Higgs
decay channel which is able to measure precisely all Higgs boson couplings, therefore,
combining the measurements in multiple Higgs decay channels is crucial in making
the best use of the statistical power in data to constrain the Higgs boson couplings.
Measurements of the Higgs boson production and decay rates combining H — ZZ* —
40 and H — ~~ channels using data corresponding to an integrated luminosity of14.8
and 13.3 fb~! at \/s = 13 TeV is also reported in this chapter.

88



8.1 Measurement of Higgs Boson Production in Four-Lepton

Decay Channel

8.1.1 Introduction

The Higgs boson production cross sections multiplied by the branching ratio to
Z7* (denoted as (o - B)?%), are measured in the H — ZZ* — 4{ channel for several
Higgs boson production mechanisms (i = ggF, VBF, VH and ttH), in the central
region where the absolute value of the rapidity of the Higgs boson (|ygl|) is less
than 2.5, which is defined in the stage-0 of the simplified template cross sections
framework [36]. Adopting the phase space |yy| < 2.5 in the H — ZZ* — 4( channel
analysis is well-motivated as this analysis is not sensitive to the Higgs boson produced
in the forward region. The signal acceptances in o;(|yg| < 2.5) phase space calculated

using MC samples are shown in Table 8.1. These measurements are then interpreted

Process oi(lyr| < 2.5)/0;

ggF 0.912
VBF 0.930
WH 0.880
qq — ZH 0.891
ttH 0.983
bbH 0.944

Table 8.1: Ratios between o;(|yy| < 2.5) and the total cross section for each produc-
tion process.

in terms of the signal strength parameters or Higgs boson couplings to other SM
particles, taken into account additional relevant theoretical uncertainties associated
with the SM predictions.

8.1.2 SM Higgs Boson Signal and Background Simulation
8.1.2.1 Signal Modeling

The SM Higgs boson productions via ggF, VBF and V H production mechanisms
are modelled using the POWHEG-BOX v2 MC event generator [93, 94, 95] using the
PDF4LHC NLO PDF set [96]. The ggF Higgs boson production process is calculated
with the precision of NNLO in QCD, using the POWHEG method to merge the
NLO Higgs plus jet cross section with the parton shower, and using the MiNLO
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method [97] to reach NLO accuracy for the inclusive Higgs boson production. In
addition, a reweighting method using the HNNLO program [98, 99] is used to achieve
NNLO accuracy. VBF and VH production mechanisms are modelled at NLO in
QCD. The MiNLO method is used to merge V H events plus zero and one jet [100].
The ttH and bbH production mechanisms are calculated with the precision of NLO
in QCD using the MadGraph5_aMC@NLO [101] generator using the NNPDF23 and
CT10nlo PDF set, respectively. The showering, hadronization and multiple partonic
interactions are modelled using PYTHIA 8 [102] generator for the ggF, VBF, VH
and bbH production mechanisms and using Herwig++ [103] generator for the ttH
production mechanism. The inclusive Higgs boson production cross sections for the
production mechanisms and decay branching fractions to the four sub-channels (4,
2pu2e, 2e2p and 4e) take the theory calculations provided by Ref. [36].

8.1.2.2 Background Modeling

The method to estimate the background follows the description in Section 5.5.
This section presents the simulation of the MC samples used to model the ZZ*
background processes.

The ZZ* continuum background from quark-antiquark annihilation is modelled
using Sherpa 2.2 [104, 105, 106] generator using the NNPDF3.0nnlo PDF set, which
is calculated at NLO for events with zero or one jet, and at LO for events with two or
three jets. The NLO electroweak corrections are applied depending on the invariant
mass of the four-lepton system [107, 108].

The electroweak ZZ* production in association with two jets, vector boson scat-
tering process (VBS), is modelled using Sherpa generator. The SM Higgs boson VBF
production process is also included in the sample, which is extracted by a signal
(VBF) plus background (VBS) fit to the sample, and then removed.

The gluon-initiated ZZ* production is modelled by gg2VV [109] generator at
LO in QCD. A k-factor of 1.7 with a conservative uncertainty of 60% is applied to
account for higher order QCD effects for the gg — ZZ* continuum production, which
is calculated under the assumption of massless quark loops [110, 111] in the heavy

top-quark approximation [112], [113].

8.1.3 Event Categorization

In order to be sensitive to the different Higgs boson production mechanisms, and

one step further, to be sensitive to some of the truth bins defined in the stage-1 of the
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pTj1 <200 GeV||pTj1 > 200 GeV

Figure 8.1: A flowchart illustrating the categorization scheme with the final categories
shown in blue box.

simplified template cross sections framework [36], each H — ZZ* — 4¢ candidate
having an invariant mass of the four-leptons system in the range of 118 GeV <
my < 129 GeV and satisfying the event selection criteria which are described in
5.3, is classified into one of eight exclusive categories. Some of the categories are
expected to be populated with at least a few events, and in such cases, discriminant
observables are introduced to further improve the analysis sensitivity to the targeted
production mechanism. The discriminant used are the output score of the BDTs
trained on simulated samples to distinguish a particular SM Higgs boson production
process from other SM Higgs boson production processes, or from the Z Z* background

process.

8.1.3.1 Event Categorization Scheme

The definition of the categories depends on event characteristics including the
number of jets, b-tagged jets, and the presence of extra leptons, in addition to the
four leptons identified as from the Higgs boson decays. The categories are shown in
sequential order in Figure 8.1 and described in detail below.

With the highest priority, the tt H-enriched category requires the presence of at
least one b-tagged jet with a b-jet selection efficiency of 70%. In addition, there must
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Figure 8.2: Signal composition in categories

be either at least four jets, or one additional lepton (e or p) with transverse momentum
larger than 12 GeV together with at least two jets. The events not satisfying the
tt H-enriched category are considered for the V H-leptonic-enriched category, which
is defined by the presence of an extra lepton with transverse momentum larger than
12 GeV.

Events that fail the V H-leptonic-enriched category criteria are then classified
according to the jet multiplicity. The 0-jet category, expected to contain about 56%
of the ggF events, is the most sensitive category in the measurement of the ggF
production mechanism.

The 1-jet category is important for both ggF and VBF production mechanism
measurements, which is expected to contain about 29% of the ggF events and 34% of
the VBF events. Motivated by the stage-1 of the simplified template cross sections
framework, the 1-jet category is further divided into three categories with the trans-
verse momentum of the four-lepton system being smaller than 60 GeV, between 60 to
120 GeV and larger than 120 GeV, mirroring the corresponding truth bin definition.

Events with two or more jets are split into two categories depending on the dijet
invariant mass. If more than two jets are present in the event, the two jets with
higher pr are considered. They are called as the leading and subleading jets. Events
with dijet invariant mass in the range of 40 GeV < m;; < 120 GeV are assigned
to the V H-hadronic-enriched category. The rest of the events are further split into
two VBF-enriched categories by requiring the leading jet pr to be smaller or larger
than 200 GeV, mirroring the corresponding truth bin definition in the stage-1 of the
simplified template cross sections framework. Figure 8.2 shows the signal composition

expected in the SM in each category.
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8.1.3.2 ttH-enriched Category

Studying the tt H production mechanism is essential to directly probe the Yukawa
coupling between the Higgs boson and the top quark, the heaviest particle in the SM.
Due to its very small cross section, which is about 1% of the SM Higgs boson total
production cross section, the ttH production mechanism is difficult to probe. Both
ATLAS and CMS experiments have been searching for this production mechanism
in several Higgs decay channels [114, 115, 116]. Up to now, the ¢tH production
mechanism has not yet been observed. In spite of the small branching ratio of the
H — Z7Z* — 40 channel, the clean final state and excellent signal-over-background
ratio make it very interesting to probe the t¢ H production mechanism using this Higgs
decay channel.

The topology of events produced via the ttH production mechanism is charac-
terized by the presence of b-jets, high jet multiplicity in case of hadronic decay of a
W boson coming from the top quark decay and the presence of an additional lepton
in case of a W boson decays leptonicly. Since this topology is quite distinct from
other production mechanisms probed in this analysis (ggF, VBF, VH), a dedicated
category is designed to enrich in t¢H events and is given the highest priority in the
event categorization scheme.

The strategy of designing the ttH-enriched category is to use simple selection
criteria to allow good ttH signal efficiency while suppress backgrounds, given the
expected ttH signal is very small: only 0.45 events are expected in the analysis signal
region for a dataset corresponding to an integrated luminosity of 36.1 fb™' at \/s = 13
TeV. Two types of events with the presence of at least one b-tagged jets identified
by the 70% b-tagging WP are considered: one associated with an additional lepton
(tt H-leptonic) and the other one with high jet multiplicity, number of jets bigger than
three Njo, > 3 (ttH-hadronic). They are merged into one category due to the very
limited number of t¢H events expected to be observed in data. Nj, > 3 selection
is chosen as study showed that the ttH sensitivity would be less if requiring at least
two or at least four jets. The N, distribution for various processes is illustrated in
Figure 8.3 before the b-tagging selection.

The identification of b-jets is crucial in the search for the ttH production mecha-
nism. The number of b-jets (Ny_jets) distribution for various processes are presented
in Figure 8.4 for the 60%, 70%, 77% and 85% WPs.

Studies have been performed to optimize the ttH category selection. Table 8.2

and 8.3 presented cutflows for several tested selection criteria, and the selection:
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B-tagging selection Ny ttH efficiency Bkg S/B  ttH significance
85% WP No—jet >0 0.40 0.88 2.70 0.15 0.24
Njer >3 0.32 0.70 0.18 1.79 0.62
prgr) > 950 GeV, 0.32 0.69 0.16 1.96 0.64
Pre) > 40 GeV
77% WP No—jer >0 0.37 0.82 1.47 0.25 0.30
Njer >3 0.30 0.65 0.11 2.72 0.69
Py > 50 GeV,  0.29 0.64 0.10 3.02 0.71
Pre) > 40 GeV
70% WP Ny_jer >0 0.35 0.76 1.01 0.35 0.33
Njer >3 0.28 0.61 0.08 3.51 0.72
prgr) > 50 GeV, 0.28 0.60 0.07 3.93 0.74
Pre) > 40 GeV
60% WP Nop—jet >0 0.31 0.68 0.70 0.45 0.35
Njer >3 0.25 0.55 0.06 4.16 0.72
prgr) > 50 GeV, 0.25 0.54 0.05 4.69 0.74
Pre) > 40 GeV

Table 8.2: ttH-hadronic enriched category selection optimization. The cutflow are
presented for the four b-tagging working points. The last step of jet pr requirement
is not applied to synchronize with VBF and V H-hadronic categories with negligible
lose in the sensitivity.
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B-tagging selection Ny ttH efficiency Bkg S/B ttH significance
85% WP Ny_jer >0 0.40 0.88 2.70  0.15 0.24
Ny >4 0.11 0.23 0.014 7.4 0.55
pry, > 12 GeV  0.096 0.21 0.009 11 0.58
Njer > 1 0.095 0.21 0.003 39 0.69
P11y > 950 GeV  0.093 0.20 0.003 32 0.70
77% WP Ny_jer >0 0.37 0.82 1.47  0.25 0.30
Ny >4 0.10 0.22 0.01 11 0.59
pry, > 12 GeV  0.091 0.20 0.005 20 0.63
Njer > 1 0.089 0.19 0.002 45 0.72
Py > 50 GeV  0.087 0.19 0.002 52 0.73

Table 8.3: ttH-leptonic enriched category selection optimization.
presented for two b-tagging working points.

e ttH-hadronic: 70% WP, Ny_je; > 0, nje, > 3

The cutflow are

e ttH-leptonic: 85% WP, Ny_je: > 0, njes > 1, presence of an additional lepton.

is found to have the best tt H sensitivity among all the tested scenarios. Furthermore,

four selection criteria Selection A-D are tested to finalize which b-tagging WP and

what threshold for the pr selection of the additional lepton to use:

Selection A:

e ttH-hadronic: 70% WP, Ny_jer > 0, Njer > 3

e ttH-leptonic: 85% WP, Ny_jer > 0, Nje > 1, presence of an additional lepton

with pr > 12 GeV.

Selection B:

e ttH-hadronic: 70% WP, Ny_je; > 0, Njer > 3

o ttH-leptonic: 85% WP, Ny_jer > 0, Nj; > 1, presence of an additional lepton

with pr > 8 GeV.

Selection C:

e ttH-hadronic: 70% WP, Ny_jer > 0, Njer > 4

o ttH-leptonic: 85% WP, Ny_j; > 0, Nje, > 1, presence of an additional lepton

with pr > 12 GeV.
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Selection D:
e ttH-hadronic: 70% WP, Ny_jer > 0, Njer > 3

e ttH-leptonic: 70% WP, Ny_je; > 0, Nje; > 1, presence of an additional lepton
pr > 12 GeV.

Selection D in which only 70% WP is used, is chosen as the final selection for the
tt H-category, in order to simplify the b-tagging systematic uncertainties, with a tiny
lose in the expected ttH (1%) and V H (3%) sensitivity, as shown in Figure 8.5 and
Table 8.5.

Selection 1, ttH v VH
95% CL  significance  95% CL  significance
Selection A [-1.21,3.26)] 0.6940 [-1.16,2.17] 0.7910
Selection B [-1.21,3.25]  0.6950  [-1.20,2.17]  0.758¢
- ] - ]
5 ] 5 ]

Selection C  |-1.04,3.52 0.8620 1.17,2.17 0.7870
Selection D [-1.22,3.34 0.6770 1.21,2.18 0.7590

Table 8.4: Sensitivity for the affected production mechanisms t¢tH and V H, with
four selection criteria for the ¢t H-enriched category, checking the impact of lepton
pr requirements changing from 8 GeV to 12 GeV, b-tagging WP from 85% to 70%
efficiency in the tt H-leptonic part of the selection.

Looking forward, more data to come will allow the inclusion of two such categories
separately, motivated by the much higher purity of ¢ttH events in the ¢t H-leptonic
than in the t¢t H-hadronic category. Besides, multivariate technique can potentially

improve the sensitivity when there are more data.

8.1.3.3 V H-Leptonic Category

The pr threshold for the additional lepton is raised to 12 GeV from 8 GeV in this
analysis from the previous analysis [117], which provides about 4% gain in V H signal
significance. Figure 8.6 shows the pr distribution of the additional lepton with pr
bigger than 8 GeV.

8.1.3.4 Discriminants in 1-jet Categories

Approximately 34% of VBF events are expected to have only one reconstructed

jet, therefore, a discriminant is introduced in this category to separate VBF events
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Figure 8.5: NLL scans for the expected sensitivity for 36.1 fb™' at 13 TeV for the
ttH (8.5a), VH (8.5b), VBF (8.5¢) and ggF (8.5d) production mechanisms, under the
four selection criteria for the ¢t H-enriched category, studying the impact of lepton pr
requirements changing from 8 GeV (blue line) to 12 GeV (black line) for both VH
and V H-leptonic category, b-tagging WP from 85% (black line) to 70% (blue line)
efficiency in the tt H-leptonic part of the selection, number of jet selection comparing
njer > 3 (black line) and nj; > 4 (magenta line).
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Figure 8.6: pr distribution of the additional lepton starting from 8 GeV

from other processes. For the 1-jet pry < 60 GeV and 60 GeV < pry < 120 GeV
categories, a BDT discriminant is trained on ggF and VBF MC samples, which is
found to be sensitive to separate events produced via the VBF process from all other
processes. The training is performed using the transverse momentum (prgj1)) and
pseudorapidity (1)) of the jet, as well as the AR(j, 4¢) variable which measures the
angular separation between the reconstructed jet and the four-lepton system. The
ranking of the variables according to their importance to the BDT discriminant is
nG1), Py, and AR(j,4¢). The distribution of these variables for the VBF and ggF
events are shown in Figure 8.7.

Training and testing samples are randomly and evenly drawn from MC events
simulated assuming my = 125 GeV. The gradient boosted decision tree technique is
used to perform the training, and the training configurations are listed in Table 8.5.

Superimpositions of the BDT response of the training and testing samples for the

Category Nyees | Shrink. | S/B | BSF | Ncws | MaxDepth
1-jet, pru < 60 GeV 400 0.03 1 0.5 20 3
1-jet, 60 GeV < prpu < 120 GeV | 150 0.06 1 0.5 20 3

Table 8.5: Table of parameters used for the BDT training in the 1-jet categories. The
parameters are described in Section 7.2.2.

pru < 60 GeV and 60 < GeVpry < 120 GeV 1-jet categories, are shown in Fig-
ure 8.8, indicating good agreement between the testing and training process and thus

the BDT's are not overtrained.
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(8.8b) categories. The VBF MC events are labeled as signal shown in blue while the
ggF MC events are labeled as background in red. The distributions shown by points
represent training samples, while the distributions shown by filled histograms come
from testing samples.

8.1.3.5 Other Discriminants

The BDT discriminant in the 0-jet category (BDTyzyz+) separates the Higgs boson
signal from the ZZ* background, which is trained on the transverse momentum (p5¢)
and pseudorapidity (n4) of the four-lepton system, as well as a matrix-element based
kinematic discriminant Dz« as defined in Equation 7.4.

In the 2-jet V BF-enriched category with leading jet pr smaller than 200 GeV,
several input variables are used to separate events produced in the VBF and ggH
mechanism: the invariant mass (m;;), pseudorapidity separation (An;;) and trans-
verse momentum of the leading and subleading jet (pj;7 pZ'FQ), the transverse momen-
tum of the four-lepton plus di-jets system (pflréjj ), the difference between the pseudo-
rapidity of the four-lepton system and the average pseudorapidity of the leading and
subleading jet (17z2+), as well as the minimum angular separation between the leading
dilepton pair and the leading and subleading jets (AR(j,4¢)).

In the V H-hadronic-enriched category, same input variables as in the 2-jet VBF
category is used with the exception of replacing p‘ifjj with the pseudorapidity of the
leading jet (1;1).

To summarize, all categories and discriminant observables are shown in Table 8.6.
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Category Discriminant BDT training variables

0-jet BDTzy A, Ny Dyge
1-j€‘t, Za < 60 GeV BDleVBF p%w, Njs AR(]74£)
1-jet, 60 GeV < pry < 120 GV BDTyvpr P, 05, AR(j,40)
1-jet, pru > 120 GeV counting
2-jet, VBF pr¢1y < 200 GeV BDTsvpr mjj, Anjj, Py P, Nae
A min 45
iz s Pr
2-jet, VBEF pr¢1y > 200 GeV counting
2-jet, V H-hadronic-enriched BDTsvu mj;, Anjj, pfrl, p%?, Nae
ARTS", nj
V H-leptonic-enriched counting
tt H-enriched counting

Table 8.6: List of categories and BDT discriminants with the variables used in the
training.

8.1.4 Systematic Uncertainties

The dominating theory uncertainties includes inclusive cross sections, and the
modelling of the event topology, for signal and background processes. The main
experimental uncertainties arise from the jet and lepton reconstruction and identifi-
cation efficiencies and the jet energy scale, uncertainty on the measurement of data
integrated luminosity, as well as the uncertainties on the data-driven background

estimates.

8.1.4.1 Theoretical uncertainties

The main theoretical uncertainty on the signal for the cross section measurement is
the modelling of the ggF signal events in different jet multiplicity bins, and in different
pr.u bins. The size of the migration between jet bins varies from a few percent to 15%
level, and correlations of the migrations between categories are taken into account.
In addition, the uncertainty from pr g or p%l splitting in the 1-jet and 2-jet categories
affects the signal yields by 20% to 40%. The uncertainty on the shape of BDT
discriminants for the ggF process in the 2-jet categories is included as well. Other
signal processes have smaller uncertainties from QCD scale variation. For all signal

process, the PDF uncertainties on the signal acceptances are also taken into account.
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Figure 8.9: PDF (8.9a) and PDF (8.9b) variations on the ¢ggZZ background process
for the expected event yield inclusively shown in index 0, and on the categories shown
in index 1 — 9 are O-jet, 1-jet pru < 60 GeV, 1-jet 60 GeV < pru < 120 GeV, 1-
jet pru > 120 GeV, 2-jet V H-enriched, 2-jet VBF-enriched prg1) < 200 GeV, 2-jet
VBF-enriched pr(j1y) > 200 GeV, V H-leptonic-enriched, and ¢t H-enriched categories,
respectively.

The theory uncertainties on the inclusive cross sections of the considered production
mechanisms affect the signal-strength parameter and coupling measurements, and are
thus included in the measurement.

For the ZZ* background, the uncertainties coming from QCD scale and pdf are
evaluated for both their effect on the expected number of events in the categories and
on the expected distributions of the BDT discriminants. The QCD scale uncertainties
are evaluated by independently varying the factorization and normalization scale by
a factor of two and taking the largest variation. The pdf uncertainties are taken to
be the maximum variations from the NNPDFnnlo 3.0 uncertainty evaluated using
eigenvectors, and the difference comparing to two alternative PDF sets, CT14nnlo
and MMHT2014nnlo68cl. These uncertainties on the inclusive event yield and each
category are presented in Figure 8.9. The QCD uncertainty is about 3% for the
inclusive event yield, and the pdf uncertainty is about 2%. The QCD uncertainty
increases with the number of jets in the event. The impacts from QCD scale and pdf

uncertainties on the BDT distribution is quite small, only at 1 — 2% level.
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8.1.5 Statistical Modeling

The statistical treatment of the data follows the likelihood method discussed in
VI. Confidence intervals are based on the profile likelihood ratio test statistic. De-
pending on the measurements performed, the set of parameters of interest can be the
Higgs boson production cross section in the central region (o;(|ym| < 2.5)) times the
branching ratio to ZZ* ( (o - B)?? = 0;(lyu| < 2.5) x BRzz+), the signal strength

parameters, or couplings modifiers.

8.1.6 Results
8.1.6.1 Expected and Observed Events in Categories

The numbers of expected and observed events are shown in Table 8.7 for each of
the categories. In the two VBF-enriched categories, the observed number of events
is slightly higher than that from SM expectation, leading to the measured (o - B)ZZy
slightly higher than its SM prediction. There are no events observed in the V H-
leptonic and ttH-enriched categories, which is consistent with the SM prediction.
The expected and observed distributions of BDT discriminants introduced in Sec-

tion 8.1.3.1 are shown in Figure 8.10.

8.1.6.2 Production Cross Section Multiplied by Branching Ratio

The expected and measured (o - B)?Z for each production processe i is shown in
Table 8.8. Since there are no data observed in the ttH-enriched and V H-leptonic-
enriched categories, and the three events in the V H-hadronic-enriched categories all
have negative V H-sensitive BDT output scores (background- or ggF-like), the current
data do not have contraint power for the V H and ttH production mechanisms yet.
Therefore, (o - B)4% and (o - B)%% are free parameters but contrained to be positive
when performing the measurements. The ggF and bbH processes are combined in the
measurement ((o - B)7%, i) because the analysis is not expected to be sensitive to
the bbH production mechanism. The confidence intervals quoted are at 86.3% level,
which are given by the two (o - B)?% values where the NLL scan curve and the line
—2In A =1 cross as shown in Figure 8.11.

All measured results are in very good agreement with the SM prediction, except
that a tension of 2.1¢ is observed with respect to the SM expectation in terms of the
measured VBF production cross section multiplied by Higgs boson branching ratio to

a pair of Z bosons ((0- B)Z45), which is driven by the slightly higher number of events
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Analysis Signal

category ggF + bbH VBF VH ttH
0-jet 2624+1.9 0294008 025+0.02 (2.541.6)-10"*
1-jet pr u <60 GeV 8.1£0.9 0.5140.03 0.23+0.02 (6.8+£3.0)-107*
1-jet 60 GeV< pru < 120 GeV 4.54+0.7 0.64 +0.08 0.23+0.02 (1.0+£0.4)-1073
1-jet pr u > 120 GeV 1.1140.22  0.27+£0.04 0.095+0.004 (0.8 +0.1)-1073
2-jet V H-enriched 2.8+ 0.5 0.21 +0.03 0.580 £0.031 0.031 £ 0.004

2-jet VBF-enriched pp(j;) < 200 GeV 3.9+ 0.7 2.00+£0.15 0.285+0.018 0.065 =+ 0.007
2-jet VBF-enriched prp(j1) > 200 GeV  0.3340.09  0.18 +0.02 0.050 £ 0.003  0.016 4 0.002

V H-leptonic-enriched 0.014 £ 0.002 0.003 £+ 0.001 0.263 £ 0.016 0.038 + 0.004
tt H-enriched 0.056 £ 0.013 0.009 £ 0.005 0.020 £ 0.002 0.301 = 0.029
Total 470+3.3 4.114+0.18 2.00+£0.11 0.45 4+ 0.04
Analysis Background Total
category A/ Z +jets, tt  expected Observed
0-jet 13.7+0.7 223+0.31 42.7+2.1 49
1-jet pr.u <60 GeV 3.09+0.29 0.53£0.07r 125£0.9 12
1-jet 60 GeV< pru < 120 GeV 0.88+0.11 0.38£0.05 6.7+0.7 9
1-jet pr u > 120 GeV 0.14 +0.02 0.045£0.007 1.6540.22
2-jet V H-enriched 0.65+0.13 0.187£0.021 4.44+0.5
2-jet VBF-enriched pr(j1) <200 GeV  1.14+0.3 0.40 £ 0.04 7.7£0.7 16
2-jet VBF-enriched prp(j1) > 200 GeV  0.0940.03 0.054 +0.005 0.72 £0.10 3
V H-leptonic-enriched 0.05+0.01 0.014 £0.001 0.38+£0.02
tt H-enriched 0.01+0.01 0.07£0.04 0.47+0.05
Total 19.7+ 1.3 3.9+0.5 == 95

Table 8.7: The expected and observed number of events in the mass range of
118 GeV < my < 129 GeV for an integrated luminosity of 36.1 fb™! in each cat-
egory. The signal process is assuming the SM Higgs boson with a mass of 125 GeV.
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Figure 8.10: Expected and observed distributions of the BDT output score in the
0-jet (8.10a), 1-jet with pr g < 60 GeV (8.10b), 1-jet with 60 GeV < pry < 120 GeV
(8.10c), 2-jet VBF-enriched with ppgiy > 200 GeV (8.10d) and 2-jet V H-hadronic-
enriched (8.10e) categories with an integrated luminosity of 36.1 fb™! collected at

Vs =13 TeV.

106



observed in the 2-jet VBF-enriched categories. The VBF production is observed with

an evidence of 3.40 with respect to an expected significance of 1.40.

Measured quantity | Expected cross section (pb) | Observed cross section (pb)

g - . -0 . 0

B) ggr-svbi 1187533 131755

(0 B)Yfr 0.093% 5075 0.37501
R\ZZ +0.122 +0.041

(0 - B)%Z 0.050 0.000

(0 - B)Z% 0.013+0.048 0.000+0:019

Table 8.8: The expected and measured results at 68.3 % CL for the stage-0 production
bins using 36.1 fb~'of data collected at /s = 13 TeV.
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Figure 8.11: NLL scans to probe the ggF and bbH combined (8.11a), VBF (8.11b),
VH (8.11c) and ttH (8.11d) production mechanisms in the H — ZZ* — 4/¢ channel.
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8.1.6.3 Signal Strengths Fits

The cross section measurements shown in Section 8.1.6.2 are interpreted into signal
strength parameters including theory uncertainties on the SM prediction of the Higgs
boson production and decay branching ratio. To probe possible deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions, two signal
strengths parameters pgeribbheen and pyerva are introduced, assuming same signal
strengths for fermion-mediated processes ggF, bbH and ttH production mechanisms,
and same signal strengths for vector boson-mediated processes VBF and V H. The
contours at 68% and 95% CL in the figepibbitetn — MvBreve Plane are shown in
Figure 8.12, reflecting the observed result is compatible with the SM prediction well

within 20 level.

E 2_5_ T T T T I T T T T I T T T T T T T T T T T T I T T T T |_
£ | ATLAS Internal * SM ’
fi; L 13 TeV, 36.1 fb" + Best fit i
5 2r Ho 72" — 4l — 68% CL 7]
iO') - T ----95% CL ]
15F 7 T -
Iy ~
0.5 -
L 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I_

0 1 2 3 4 5 6
VBF+VH

Figure 8.12: The best-fit value (cross) and contours at 68% (solid line) and 95%
(dashed line) CL in the figeribbutttn - fvBrive Plane based on 36.1 fb~! of data at
13 TeV, together with the SM prediction (star).

8.1.6.4 Coupling Fits

The cross section measurements shown in Section 8.1.6.2 can also be interpreted in
the x framework, which is described in Section 2.2.4.4. To probe possible deviations
from the SM predictions of the Higgs boson couplings to SM bosons and fermions, two

Higgs boson coupling strength modifiers are introduced kp and ky, assuming that
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all the coupling strengths of Higgs boson to fermions are the same, and all coupling
strengths to bosons are the same, and that there are no undetected or invisible Higgs
boson decays, and no new physics contribution to the loop process. The contours at
68% and 95% CL in the ky — kr plane are shown in Figure 8.13, where the kp > 0
and ky > 0 plane is shown because the H — ZZ* — 4¢ channel is sensitive to the
magnitude of the two coupling strength modifiers. The compatibility between the

observed result and the SM prediction is 1.30 which corresponds to a p-value of 18%.
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Figure 8.13: The best-fit value (cross) and contours at 68% (solid line) and 95%
(dashed line) CL in the £ - £y plane based on 36.1 fb™' of data at 13 TeV, together
with the SM prediction (star).

8.2 Combined Measurement of Higgs Boson Production and

Decay in Four-Lepton and Diphoton Decay Channels

8.2.1 Introduction

This combined measurements on the Higgs boson production cross sections and
branching ratios are based on the measurements performed in the H — v~ [118] and
H — ZZ* — 40 decay channels [117]. The dateset used correspond to an integrated
luminosity of 13.3 fb 'and 14.8 fb'at centre-of-mass energy of /s = 13 TeV, for
the H — vy and H — ZZ* — 4¢ channels, respectively.
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Higgs boson production cross section of production mechanism ¢ (o;) multiplied
by its branching ratios to the final state f (Bf) is denoted as (o - B)!. (o - B){ is
measured in the phase space |yg| < 2.5, where yp is the Higgs boson rapidity. This
phase space is chosen considering the H — vy and H — ZZ* — 4{ analyses have a
negligible acceptance in the forward region |yy| > 2.5. Therefore the cross sections
measured have reduced theoretical uncertainties comparing to those if measured in
the full phase space.

This combined analysis is sensitive to five production processes (ggF, VBF, VH-
had, VHlep and top), which are explained more below:

e goF includes gg — H and bbH processes, assuming SM predictions for the ratio

of the cross section of the two processes.

e top includes ttH and tH processes, assuming SM predictions for the ratio of the
cross sections of the two processes in the H — 77 channel analysis. tH is not

included in the H — ZZ* — 4¢ channel analysis due to negligible event yield.

e WH and ZH processes are grouped together separately for hadronic (VHhad)
and leptonic (VHlep) decays of the vector boson.

The ratios of the Higgs boson production cross section in the phase space o;(|yy| <
2.5) and the full phase space shown in Table 8.9 are estimated using MC simulations.
Together with the theoretical calculations summarized Ref. [36] for the cross sections
in the full phase space, they are used to calculate the SM prediction for the measured
cross sections shown in Section 8.2.3.

The measurements performed including (o - B)f for the five production processes
introduced above in the two Higgs decay channels, and the production cross-sections
o; for the five production processes by assuming SM Higgs decay branching ratio.
Finaly, the global signal strength g which are introduced in Section 2.2.4.4, is also
reported.

8.2.2 Input Analyses and the Combined Model

The mass spectrum passing the inclusive event selection in the H — ~v and
H — Z7Z* — 4{ channels are presented in Figure 8.14 [118] and 8.15 [117]. In order
to probe different Higgs production mechanisms, events are categorized based on the
topologies and kinematics of the physics objects in the final state.

The combined model is built by incorporating all categories into one likelihood

model and using the same parameters to incorporate the parameters of interest and
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Process oi(lyr| < 2.5)/0;

99 —~ H 0.907
qq' — q¢'H 0.932
q7 — WH(W — had.) 0.870
4G/99 — ZH(Z — had.) 0.900
q7 — WH(W — lep.) 0.869
qq — ZH(Z — lep.) 0.900
99 — ZH(Z — lep.) 0.965
qq/99 — ttH 0.985

Table 8.9: Ratios between o;(lyx| < 2.5) and the total cross section for each pro-
duction process. The ratios for bbH and tH processes are set to one for simplicity
without affecting the accuracy of the results.

common systematic uncertainties in the two individual analyses. The main experi-
mental uncertainties include uncertainties on the electromagnetic energy resolution
and the photon identification efficiency. The dominating theoretical uncertainties are
the ones on the acceptance of gluon fusion production in the categories with require-

ment on the number of jets in the event.

8.2.3 Results
8.2.3.1 Production Cross Section Multiplied by Branching Ratios

Measurements of the (o - B){ are carried out, including ggF', VBF, VHlep, VHhad
and top production processes measured in the H — vy channel, ggF' and VBF pro-
duction processes measured in the H — ZZ* — 4¢ channel. The VHlep, VHhad, and
top processes are not constrained well by data in the H — ZZ* — 4/ decay channel,
thus they are fixed to the SM prediction with theoretical uncertainties included when
performing all the measurements. The measured results of (o - B)f are summarized
in Table 8.10, together with SM predictions for comparison. The measured results
are found to be in good agreement with the SM predictions, and the compatibility
with SM predictions corresponds to a p-value of 11%. The measured cross sections
divided by the SM predictions are summarized in Figure 8.16.

The ggF and VBF cross sections are measured with the highest precision among all
the production processes. There is sizable correlation between the two measurements

due to the contamination of events produced via the ggF mechanism in the VBF-
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Figure 8.14: The mass spectrum for the H — 7 channel. The black data points show
the measured distribution, where each event is weighted by the signal-to-background
ratio of the event category it belongs to. The blue dashed curve shows the result
of a background-only fit to the data, the red curve shows the summed signal and
background distribution based on the fitted signal yields, and the black curve shows
the signal component. The bottom inset displays the residuals of the data with
respect to the fitted background component.

H— Z7* H — vy

geF Observed (pb) 1.58 T5:38 0.063 T5-059

SM prediction (pb) 1.18 £0.07 0.101 £ 0.006
VBF  Observed (fb) 3507259 188

SM prediction (fb) 93.0 £2.8 8.00 £0.29
VHhad Observed (fb) fixed to SM —2.5188

SM prediction (fb) 36.0 £1.2 3.09 £0.12
VHlep  Observed (fb) fixed to SM 1.0723

SM prediction (fb)  17.0 £ 0.5 1.46 =+ 0.05
top Observed (fb) fixed to SM —0.3715

SM prediction (fb) 15.9+1.5 1.36 +0.13

Table 8.10: The observed value in data of (o - B)! for channel i — H — f, and the
SM predictions.
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Figure 8.15: The mass spectrum for the H — ZZ* — 4/ channel. The black data
points show the measured distribution, compared to the background expectation.

enriched categories. Hence, 68% and 95% CL contours in the (O"B)ggl: versus (o-B)Jg
plane are measured in the H — vy and H — ZZ* channels, which are shown in

Figure 8.17 in terms of the measured values of (¢ - B)! divided by the SM prediction.

8.2.3.2 Production Cross Sections Assuming SM Branching Ratios

The measurements of the production cross sections o; by assuming SM Higgs de-
cay branching ratios and taking into account the associated theoretical uncertainties
are summarized in Table 8.11 and Figure 8.18. The compatibility between the mea-
surements and the SM prediction corresponds to a p-value of 21%, indicating good

agreement between the measurement and the SM prediction.

8.2.3.3 Signal Strength

The global signal strength p is measured to be u = 1.13 7015 using the NLL
scan shown in Figure 8.19. This measurement is in good agreement with the SM

prediction, with the compatibility corresponding to a p-value of 43%.
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Figure 8.16: The measured cross sections (o - B){ for channel i — H — f divided
by the SM predictions shown by the blue dots and error bars, and the grey bands
indicating the theoretical uncertainties in the SM predictions.
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Process Observed (pb) SM prediction (pb)

O gqF 478154 445423
OVBF 79123 3.52 £ 0.07
OV Hhad —2.5128 1.36 £ 0.03
OV Hiep 0.32 759 0.64 £ 0.02
Ttop —0.11 1527 0.60 + 0.06

Table 8.11: Measured production cross sections assuming SM Higgs decay branching
fractions, with the SM predictions for comparison.

ATLAS Preliminary m,=125.09 GeV
s=13 TeV, 13.3 fb* (yy), 14.8 fb™ (22)

-o- Observed 68% CL SM Prediction

Oggr -
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OvHhad ——
o-VHIep ——
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HHHHMHHHHMHX HH‘HH HH“XH“H

| |
54 -3-2-10 12 3 4 5
Parameter value norm. to SM value
Figure 8.18: The measured production cross sections assuming SM Higgs decay

branching fractions, normalized to the SM predictions shown in the blue dots with
error bars, compared with the SM predictions in the grey bands.
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Figure 8.19: The NLL scan of the global signal strength p shows the p is measured
to be p = 1.13751% at 68.3% CL (10).
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CHAPTER IX

Search for New Resonances in 77 Final State

Searching for new physics beyond the SM is an important goal of the LHC physics
program. The LHC is offering unprecedented opportunities to search for new physics
phenomena. There are many possible extensions to the SM Higgs sector such as
the 2HDM and the EWS models, which predicted the existence of additional Higgs
bosons. This chapter discusses the search for new resonances (denoted by S) decaying
to a pair of Z bosons in the four-lepton final state (ZZ — 4¢, { = e or p) in a mass
range between 200 GeV and 1 TeV, with early 13 TeV data corresponding to an
integrated luminosity of 3.2 fb~! collected by the ATLAS detector [72]. The ZZ — 4/
channel has very good mass resolution while relatively small ZZ decay branching
fraction of 0.45% compared to ZZ — 202q (4.70%) and ZZ — 202v (1.35%), making
it the most sensitive channel for searches for new resonances with masses below about
400 GeV in all ZZ decay channels. At a higher mass scale, the ZZ — 4/¢ channel
helps improve the sensitivity by combining the result with other ZZ decay channels.
The limits combining ZZ decay channels (4¢, 202v [120], 2(2q [121] and 2v2q [122])
and probing a mass range of 200 GeV to 3 TeV based on the same dataset will also
be presented in this chapter.

The strategy of the search is to simultaneously look for narrow resonance peaks
over smooth background in three sub-channels classified by the flavor of the final
state leptons: ZZ — 4u, ZZ — 2e2p and ZZ — 4e. No significant excess over
background prediction in data is observed and 95% CL, upper limits are set on
the production cross section multiplied by the branching fraction of a scalar particle
decaying to four leptons (o0 x BR(S — ZZ — 4()), with a mass (mg) from 200
GeV to 1 TeV. The width of the scalar particle is assumed to be much smaller than
the detector mass resolution, and Narrow Width Approximation (NWA) is used.

Under the NWA assumption, the interference effect between the resonance and ZZ
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continuum is negligible. The lepton and event selection, and background estimation

methods follow the strategy presented in Chapter V.

9.1 Signal and Background Modeling

9.1.1 Signal

The resonance is simulated using the Powheg-BOX v2 generator [123, 94], which
calculates separately the gluon fusion and vector-boson fusion production mechanisms
with matrix elements up to NLO . SM Higgs boson couplings structure is assumed.
The lineshape of the new resonance for all masses is modelled with a Breit-Wigner
with a fixed width of 4.07 MeV, which is the value of the natural width predicted
for the SM Higgs boson with a mass of 125 GeV. The choice of a fixed width of 4.07
MeV is arbitrary, since the precise value is not importance as long as it is significantly
smaller than the detector mass resolution. Powheg-BOX is interfaced to Pythia8 [124]
for decaying the resonance into the ZZ — 4/ final state, and later for the showering
and hadronization. Photos++ [125] is used to model QED emissions from electroweak
vertices and charged leptons. MC simulation samples are generated for ggF and VBF
production mechanisms, for 200 GeV < mg < 1000 GeV in steps of 10 GeV.

Based on these MC simulations, analytical models consisting of a linear combina-
tion of a Crystal Ball and a Gaussian function are determined to model the invariant
mass distribution of the four-lepton system for the signal processes produced via the
ggF and VBF mechanisms for each of the mass point where MC simulation samples
are available. It is found that the analytical models determined from these two pro-
cesses are very similar, thus for simplicity, the analytical models determined by the
ggF production mechanism is used. Next, each parameter of the analytical models
for different mass points is fitted to a first or second order polynomial to provide
continuous description of the invariant mass distribution as a function of mg over the
full search range of 200 GeV < mg < 1000 GeV. The signal efficiency is modelled in
a similar way by determine the value for each mass point from MC simulation sample
and then using these values to determine first or second order polynomials to obtain

continuous description over the full mass range.

9.1.2 Background

The SM ZZ continuum production is the dominate background for this search.
The ZZ background from quark-antiquark annihilation is modelled using POWHEG-
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BOX v2 generator using CT10 PDF set in the hard-scattering process while the
CTEQL1 PDF set is used for the parton shower. The nonperturbative effects are
modelled using the AZNLO [126] tune. NNLO QCD and NLO EW corrections for this
process are included as a function of the invariant mass of the four-lepton system [127].
The gluon-initiated ZZ production, includnig the ZZ continuum, the Higgs boson
produced off-shell via the gluon fusion mechanism and their interference, is modelled
using Sherpa 2.1.1 [104]. A k-factor of 1.7 is applied to account for corrections from
higher-order calculations.

Other background contributions including the Z + jets and tt, W Z, ¢tV triboson
productions are minor. Z + jets and tt, W Z background contributions are estimated
with data. The triboson backgrounds ZZZ, WZZ, and WW Z with four or more
leptons are modelled using Sherpa 2.1.1. For the all-leptonic ¢t + Z background
MadGraph+PYTHIA 8 is used.

9.2 Systematic Uncertainties

The systematic uncertainties for this search includes theoretical ones affecting the
expected numbers of background events, the invariant mass distribution of the four-
lepton system for the background processes, as well as the signal acceptances. The
experimental uncertainties impact the expected numbers of background events, signal
acceptances, and the invariant mass distribution of the four-lepton system for both

signal and background processes.

9.2.1 Theory

The QCD scale and PDF theoretical uncertainties on the estimation of quark-
initiated ZZ* process include influences on the overall expected number in the signal
region which are estimated to be 4% and 5%, respectively, as well as on the my,
distribution. The higher order QCD corrections for the expected number of events
from the gluon-initiated ZZ* background process is applied as a k-factor of 1.7 with an
uncertainty of 30%, as well as 8% included to account for the PDF uncertainty. The
theoretical uncertainties on the signal acceptance include contributions from QCD

scales, PDF and showering, and they are studied to be well below 1%.

9.2.2 Experiment

The dominating experimental uncertainties include the uncertainty on the data

luminosity measurement, the lepton identification and reconstruction efficiencies. Re-
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garding the expected number of events from both the background and the signal pro-
cesses, effect from the muon identification and reconstruction systematic uncertainties
is below 2% while from the electron identification and reconstruction systematic un-
certainties is up to 3%. In addition, regarding the impact on the invariant mass
distribution of the four-lepton system, sources from the lepton identification and re-
construction have a tiny affect of about 1%, while the lepton momentum (or energy)
scale and resolution have a larger effect of about 4%. The impact of the experi-
mental uncertainties on the analytical signal parametrization has also been studied.
The effect from the lepton resolution uncertainties on the width of the Gaussian and
Crystal Ball function is estimated to be 10 — 20% while impact from the other lepton
systematic uncertainties are found to be negligible and thus are not included for the

simplification of the signal parametrization.

9.3 Statistical Modeling

The unbinned likelihood construction and statistical procedure for the upper limit
setting follow the method described in Chapter VI. The signal pdf construction is de-
scribed in section 9.1 while the pdf of the main background process the ZZ continuum
production uses a distribution based on the MC sample while smoothed by a kernel
density estimation method [128] to reduce the statistical fluctuations in the MC sam-
ple. The parameter of interest of this search is the cross section times branching ratio

to four leptons for a new scalar particle 0 X BR(S — ZZ — 4/).

9.4 Results

9.4.1 Limit in the Four-Lepton Channel

The number of observed candidate events and the background expectations in the
three decay channels in m4, mass region above 200 GeV are presented in Table 9.1.
The mass spectrum with data and background prediction overlaid is shown in Fig-
ure 9.1. No significant excess is observed in data with respect to the background
prediction.

The upper limits at 95% CLs on 0 x BR(S — ZZ — 4{), which is the cross
section times branching ratio to four leptons for a scalar particle, observed in data and
expected from the background-only hypothesis as shown in Figure 9.2, are computed
as a function of mg by performing an unbinned likelihood fit to the data and Asimov

dataset [90], respectively, and following the C'L, procedure described in section 6.2.
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Channel 77* Z +jets, tt, WZ ttV,VVV  Expected Observed
4p 221422 0.05 £0.02 0.23+0.01 224422 20
2u2e 35.0+ 3.1 0.11 +0.03 0.40 £0.01 355+3.1 30
4e 13.9+2.1 0.06 + 0.02 0.18+0.01 14.142.1 12
Total 71+8 0.23 £0.04 0.81 £0.04 72+8 62

Table 9.1: The number of expected and observed events for the four-lepton final states
in a range of my, > 200 GeV, for an integrated luminosity of 3.2 fb~'at \/s = 13
TeV.

The observed limits agree with the SM prediction within the uncertainties. Since the
signal model is a scalar particle with a narrow width significantly smaller than the
detector resolution, the results are found to be valid for models in which the width
of the scalar particle is less than 0.5% of its mass (I's < 0.005 x mg).

The limits are cross-checked with those obtained by using a different approach
for the signal modelling, where the distribution is provided by the MC simulation
after being smoothed out MC statistical fluctuations using kernel density estimation
method [128]. The agreement is found to be within 5%.
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Figure 9.1: The invariant mass distribution of the four-lepton system in the range of
160 — 1000 GeV with data shown by points and the SM prediction for the background
processes shown by filled histograms.
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Figure 9.2: The upper limits at 95% CL, on 0 x BR(S — ZZ — 4/) in the NWA
approximation.

9.4.2 Limit in Combining ZZ Decay Channels

Combining the searches in different ZZ decay channels is important to the search
for heavy scalars due to that there is no single ZZ decay channel dominating the
sensitivity over the full searched mass range. The 4¢ channel is most sensitive when
the mass of the scalar is below 400 GeV. At higher mass range, the 202y, 2¢2q and
2v2q channels dominate the sensitivity. Based on the 2015 data collected at 13 TeV
corresponding to an integrated luminosity of 3.2 fb™!, the searches in the ZZ decay
channels are combined. The limits for the mass range of 200 GeV < mg < 1000 GeV
combing 4¢, 202v and 2¢2q final states and the limits for the mass range of 1000 GeV <
mg < 3000 GeV combing 2¢2¢ and 2v2q final states are shown in Figure 9.3. No
significant excess in data is observed. The data excess around 470 GeV has a local
significance of about 30 with respect to the background-only hypothesis, and it is
reflected in the upper limit plot 9.2 that the data is close to the expected 2 sigma

error band. This is interpretated as data fluctuation.

122



| ATLAS Internal
13 TeV, 3.2 b

95% Limit on o,, * BR(H—Z2)]fb]

— |l observed

— livv observed

— llgq observed
----Combined expected
— Combined observed
Htio

[ ]+2c

10°E
i L L | L L | L L | L L
200 400 600 800 1000
mg [GeV]
(a)
E‘ 1 : T T T T I T T T T I T T T I T T T T :
a C ]
N - ATLAS Internal '"E’épe"te‘:'j .
i — Observe i
Nr | 13 TeV,3.2f0" W+io 1
L i E |
oC
m
" 107 =
¢ ]
c ]
o i
E i
J -
N
&
1072 =
L 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1500

(b)

2000

2500 3000
mg [GeV]

Figure 9.3: The limits at 95% CLs on 0 x BR(S — ZZ) are set assuming a scalar
particle signal in the NWA approximation combing ZZ decay channels. In the mass
range of 200 — 1000 GeV (9.3a) 4¢, 202v and 2¢2q channels are combined. In the mass
range of 1000 — 3000 GeV (9.3b) 2¢2¢q and 2v2q channels are combined.
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CHAPTER X

Summary and Outlook

The thesis presented the studies on the Higgs boson properties including its spin
and parity quantum numbers J, and the Higgs boson couplings to other particles
with the four-lepton final state and combining with other Higgs boson decay chan-
nels. All the results are found to be consistent with a SM Higgs boson within the
measurement uncertainties.

The exclusion of the tested BSM J¥ models at more than 99.9% CL from com-
bining the diboson decay channels based on the full LHC Run 1 dataset of 25 fb™'of
pp collision data at /s = 7 and /s = 8 TeV collected in 2011 and 2012 by the
ATLAS experiment, helps to shift the experimental focus to probing the possibility
of CP-mixing in the Higgs sector.

With 36.1 fb™! of pp collision data at y/s = 13 TeV collected in 2015 and 2016 by
the ATLAS detector and using the four-lepton channel, the production cross section
of the gluon fusion production mechanism multiplied by Higgs decay branching ratio
to ZZ* final state is measured with a precision of 21% (22% expected). A upper
fluctuation in data in the VBF categories gives rise to an observed VBF signal sig-
nificance of about 3.60 (1.50 expected) with respect to the hypothesis of none VBF
production. V H and ttH targeted categories are included in the analysis, however,
more data is needed to observe and measure them in the four-lepton channel. The
precision of 15% for the coupling modifier xy and 40% for xr has been reached. The
precision of these measurements are largely limited by the statistical uncertainty in
data. The full LHC Run 2 data and beyond will be crucial for Higgs boson property
measurements. The expected experimental precision and signal significance for the
ggF, VBF, V H, and tt H Higgs boson production mechanisms in the four-lepton chan-
nel at the LHC are summarized in Table 10.1, based on the inputs, analysis methods

and systematic uncertainties described in Section VIII.
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Production Mechanism [ L = 100 b=t

[ L=300 "

[ L =3000 fb"

(0 B) g (pb) L1775,37

1175043

1177008

(o - B)Vgr (pb) 0.0935 055

0.0930:050

0.09315913

2.40 3.90
(o - B)¥i (pD) 0.050+0-059 0.050+0-033 0.0500-010
(0 - B)2Z (pb) 0.013+0:023 0.013-0012 0.013+0.004

Table 10.1: The expected sensitivity for the SM Higgs boson production mechanisms
goF, VBF, VH and ttH in the H — ZZ* — 4{ channel, including the expected
measured results of production cross section multiplied by branching ratio alf at 95%
CL and the signal significance, for integrated luminosities of 100, 300, and 3000 fb!
at /s = 13 TeV.

The LHC presents unpresented opportunities to search for new physics at a higher
mass scale. A search for new resonances with the four-lepton final state based on 2015
data at 13 TeV is also presented in this dissertation. No significant excess with respect
to the SM prediction is observed.

Precision Higgs coupling measurements and searching for new particles in multi-
TeV mass region are important physics topics as the LHC continues upgrading its
luminosity and energy in the coming years. The data analysis methods developed in
this dissertation are applicable in ATLAS experiment to study the properties of the
Higgs boson in more depth and to advance our understanding of particle physics by

using the Higgs boson as a tool to further explore new physics.
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APPENDIX A

Study of MDT 12.5 ns TDC Time Jump on

Front-end Electronics

During the LHC Run 1, the MDT operation has been plagued by rare 12.5 ns Tj
time shifts in chambers. T} is a parameter in the muon calibrations which measures
the timing offset for the particle drift time in the MDT due to trigger and cable
delays. Figure A.1 illustrates the cross-section of the MDT tube with ionization
clusters distributed allow a muon track. 7Tj corresponds to the drift time when a
muon track passes the center of the tube. In the digital system, the digitization is
based on the 40 MHz LHC clock. Each chamber exhibits a single T value in any
given run. In Run 1, A 12.5 ns time shift in the T values for all mezzanine cards
on a single CSM for the whole chamber is observed after initialization in one run
out of a few thousand, as shown in Figure A.2 for Chamber BOL2CO01 in 2012 daily
calibrations.

The T shift of 12.5 ns in Run 1 caused a decrease in the muon momentum
resolution. Solving this issue will have a positive impact on the physics analysis
involved with muons, such as the Higgs boson coupling measurements in the H —
Z7* — 40 channel through the improved the mass resolution of the Higgs boson
allowing more events to fall into the analysis signal region and hence improving the
signal-over-background ratio. Therefore, it is important to identify the source of the
Ty time shift and solve it for the Run 2 operations.

The MDT readout electronics are shown in Figure A.3. There are three possible
sources causing the Tp shifts: trigger receiver chip (TTCrx) on the chamber service
module (CSM), the field-programmable gate array (FPGA) on CSM, and the ATLAS
Muon TDC (AMT) chip on the mezzanine card. Photos of the CSM and mezzanine
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Figure A.5: Test stand at Michigan to debug the 12.5 ns TDC time shift.

card are included in Figure A.4. The Michigan ATLAS group have made huge efforts
to look for the Tj jump sources, however, such phenomena could not be repeated in
our lab. To continue the effort to find the timing shift source, a dedicated test station
in our lab is reset up as illustrated in Figure A.5. The key point in the setup is that
two identical input signals are sent to two mezzanine cards which are synchronized
with the TTC 40 MHz clock and the L1 trigger. The two input signals come from
two identical outputs produced by same signal injected into NIM discriminator. Two
mezzanine cards are included in the test so that we can require a coincidence of TDC
time jump in the two cards to make sure the AMT is not responsible for the jump.

After many tests and trials, the 12.5 ns time jump finally is successfully reproduced
in our lab for the first time, as we observe events with 12.5 ns time shift in the TDC
spectrum from offline analysis of the data produced in the test stand in our lab, as
shown in Figure A.6.

After observing the time shift offline, the next goal is to catch it online and identify
the responsible source. Thus, the test program is modified so that when a time shift
of 12.5 ns happens, the test program is able to pause the run to enable us to check
the phase relationships of the three clocks associated with the three possible sources
using oscilloscope. The three clocks are connected to the channels (CHN) in the

oscilloscope:
e CHN 2- TTCvi module 40 MHz clock

e CHN 3- CSM FPGA 40 MHz input clock from TTCrx chip
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Figure A.6: TDC distribution of the two Mezzanine Card. TDC value is at a fixed
point for all runs, making it possible for us to catch and debug 12.5 ns Ty jump.

131




Figure A.7: Phase relationships of three clocks shown by the oscilloscope for the
normal case (left) and the case with 12.5 ns TDC time jump (right).

e CHN 4- CSM FPGA 40 MHz clock to AMT chips

The time jump is successfully caught online using the modified program as shown
in Figure A.7. The phase relationships of the clocks demonstrate that the culprit is
the FPGA digital clock manager (DCM) in the CSM choosing a phase shifted by 180
degree compared to the normal case during the front-end electronics configuration
phase.

In the next step, the function to pause a run when a time shift of 12.5 ns happens
is disabled in the test program, to allow the test stand to deliver a large amount of
data to allow a measurement of the rate of the events with the 12.5 ns time shift.
The data are analyzed offline, and 16 runs out of in total 22478 runs are found to
have the time shift in both of the two mezzanine cards as plotted in Figure A.8. The
rate of the T jump is thus measured to be 0.07%, consistent with the observation in
Run 1.

Having known the cause, we carry out intensive tests on new versions of CSM
firmware, and after many trials, we come to the following solution which cures the
12.5 ns time shift issue in lab. The method is that during initialization phase, the
program will look into the input and out clock of the DCM, and test if the two clocks
are in phase. If they are out of phase, an error bits are set, and external control
will then have to re-initialize the CSM. The re-initialization can be done up to three
times.

This solution is later tested in the ATLAS detector by my colleagues. It worked
for most of mezzanines in the ATLAS detector, but few mezzanines in ATLAS always
have trouble with wrong data transmission. The reason could be the tolerance on

this new firmware is not large enough to deal with many different mezzanine cable
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Figure A.8: In the rate measurement, 16 runs out of 22478 runs in total were found
to have 12.5 ns Tj shift in both of the two mezzanine cards.

length due too many clock resource is used by introducing clock monitoring. The
final method used in ATLAS is to remove the DCM module by directly distributing
the 40MHz clock to all mezzanines from CSM.

This work which has identified the source causing the 12.5 ns Tj time shift, has
laid the foundation for the elimination of the 12.5 ns Ty jump in Run 2 data taking.
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