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ABSTRACT

In July 2012 the ATLAS and CMS collaborations announced the discovery
of the Higgs boson with a mass of approximately 125 GeV using proton—proton
collisions collected at center-of-mass energies /s = 7 TeV and 8 TeV at the Large
Hadron Collider (LHC). It is one of the most significant achievements in physics
and leads to the Nobel Prize in Physics in 2013.

Following the discovery of the Higgs boson, a broad range of measurements
of its properties has been performed. To probe the Higgs sector in the Standard
Model (SM) more deeply, it is important to have measurements of the Higgs
productions, decay branching ratios and couplings with a higher precision by using
more data accumulated in LHC Run 2 at /s = 13 TeV.

This dissertation presents my research in High Energy Physics at the LHC
with the ATLAS experiment, including the measurements of the Higgs boson
properties in the diphoton decay channel, and the measurement of the Higgs boson
production and decay rates, as well as constraints on its couplings to SM particles
by combining all available Higgs production modes and decay channels measured
by ATLAS.

H — ~v is one of the most important channels to study the property of
Higgs boson. The measurements in this channel are performed with data col-
lected in 2015 and 2016, corresponding to an integrated luminosity 36.1 fb~1. 31
reconstructed categories are developed to maximize the sensitivity, to measure
the inclusive production cross-sections-times-branching-ratio of B(H — ~7) and
the individual production processes: gluon—gluon fusion (ggF), vector-boson fu-
sion (VBF), Higgs boson production in association with a vector boson (VH),
and production of a Higgs boson in association with a top—antitop quark pair or a
single top quark (ttH and tH). Results are also interpreted using the Simplified
Template Cross Section framework (STXS) and the Higgs coupling strength frame-
work (“r”-framework). The inclusive signal strength in this channel is measured
to be 0.99 4+ 0.14, with an improvement on precision at a level of 40% comparing

to the ATLAS Run 1 result.



To further improve the precision of the Higgs property measurement, the com-
bination of Higgs properties measurement employs inputs from many individual
Higgs channels, including H — vy, H - ZZ, H - WW VH(H — bb), H — 77.
ttH(H — Multi-Lepton), ttH(H — bb), H — puu, VBF(H — bb), H — invisible
and H — ZZ(offshell), with integrated luminosity 24.5 - 79.8 fb~!. After building
a likelihood-based combination mechanism, the production cross sections, decay
branching ratios, STXS and coupling strength results are measured. The global
signal strength is u = 1.1175:09. The Higgs coupling strength results are with im-
provements on precision from 20% to 30% comparing to the ATLAS + CMS Run 1
results. The observed (expected) significance for the VBF process is 6.50 (5.30),
giving the first single-experiment observation of the VBF production mode. All

results are compatible with the SM predictions.

Keywords: LHC, ATLAS, Standard Model, Electroweak Symmetry Breaking,
Higgs boson
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Introduction

Throughout the history of our civilization, human beings have never ceased
to seek the most fundamental constituents of matters in the living world. At
different times in history, people have introduced various theories explaining the
essential “elements” which act as the elementary building blocks of the universe.
The attempt to get the answer is still ongoing today.

“Classical elements” is the common concept to be found in several ancient cul-
tures coincidentally. Starting from the pre-Qin Dynasty period of China, people
believed that the whole world, as well as energies and transitions, can be described
with the five fundamental elements: Wood, Fire, Earth, Metal, and Water. An-
cient Indians classified the material world into Wind, Earth, Fire and Water, and
further suggested that all creation, including the human body, consist of these
basic elements. The same theory can be found in works of Greek philosopher
Empedocles.

“Atomism” turned out to be the most proactive hypothesis in that early age.
In the 5th century BC, Leucippus and his pupil Democritus proposed that all
matters are composed of small indivisible particles called atoms, which is similar
to the theory proposed by the Chinese philosopher Mozi at almost the same time.

After the stagnation in the long and dark Middle Ages in Europe, natural sci-
ences came into the new era during the periods of Renaissance and Enlightenment
that followed, as did the understanding of the nature of the matters. Gassendi
brought atomism back to the mainstream vision. After that, 19th century should
be marked as the true beginning of the atomic physics. The English meteorolo-
gist and chemist John Dalton formulated the first scientific theory of the atom.
Dalton suggests that each chemical element is composed of a single, unique type
of atoms, although they cannot be chemically altered or destroyed, but they can
be combined together to form a more complex structure.

The atomic physics then entered a vigorous period of development as a matter
of course. However, from the end of the 19th century to the beginning of the 20th
century, with the gradual understanding of atomic structures and the discovery
of natural radioactivity, there was growing evidence that atoms are not the most

basic unit of the matters. J.J. Thomson discovered the electron when he found that



electrically charged plates and magnets deflected a cathode ray in a certain way.
Ernest Rutherford determined that the center of the atom is a nucleus, which is
surrounded by orbiting electrons, by performing the famous Gold Foil Experiment.
James Chadwick then discovered the neutron. This finally confirmed that nuclei
are composed of protons and neutrons. With the development of quantum physics
and the efforts made by physicists such as Niels Bohr and Wolfgang Pauli, human
beings finally got a clearer picture of the structure of atoms.

A large amount of subatomic particles were discovered in the following decades,
with the help from various detection methods, including the cosmic-ray study and
ever more powerful particle accelerators. For instance, Seth Neddermeyer with
Carl Anderson discovered the muon, a negatively charged subatomic particle, in
1936. The pion and kaon mesons were discovered in the 1940s indicating the
existence of quarks. In 1956, the team of Frederick Reines and Clyde Cowan dis-
covered the electron neutrino, a subatomic particle with no electric charge. The
muon neutrino was discovered as well after 6 years. In 1974, two research groups,
one at Stanford Linear Accelerator Center led by Burton Richter and another at
Brookhaven National Laboratory led by Samuel Ting discovered J/v, a flavor-
neutral meson composed of two charm quarks. The tau lepton was discovered in
1975 by Martin Perl. Two years later, upsilon meson was discovered by Fermilab,
led by Leon Lederman, confirming the existence of b quarks. The heaviest fermion
top quark was then discovered by Fermilab in 1995. While most of the discoveries
of fermions were made in the US, bosons were usually probed in Europe. In 1979,
the gluon was observed in DESY for the first time. Carlo Rubbia and the CERN
UA1 discovered W and Z bosons in 1983.

Meanwhile, theoretical development was also under progress to predict and
explain the experimental observations. In 1961, the electromagnetic and weak
interactions were combined by Sheldon Glashow. Then in 1967, with the Higgs
mechanism integrated by Steven Weinberg and Abdus Salam, Glashow’s elec-
troweak interaction got its modern form. It is believed that the Higgs mechanism
gives the mass of all elementary particles in the Standard Model, including the
masses of the W/Z bosons and the the fermions. After the discovery of neutral
weak currents produced by Z boson exchange at CERN in 1973, the electroweak
theory has been widely accepted. In the strong force part, the theory of the
strong interaction known as quantum chromodynamics, QCD, to which many
contributed, acquired its modern form in 1973 to 1974. The asymptotic freedom
was confirmed by experiments, that hadrons consist of fractionally charged quarks.
In 1975, with reference to the electroweak theory together with the quark theory,
the term “Standard Model” was first coined by Abraham Pais and Sam Treiman.

The elucidation of the mechanism of electroweak symmetry breaking has been



one of the main goals of the ATLAS and CMS experiments at the CERN LHC,
a magnificent international cooperation project started up on 10 September 2008.
In the Standard Model, a complex doublet scalar field leads to the breaking of
the symmetry and the prediction of the existence of one physical neutral scalar
particle, commonly known as the Higgs boson. The Higgs scalar field can also
account for fermion masses through Yukawa interactions. If the Higgs boson mass
is known, the production cross sections and decay branching fractions of the Higgs
boson can be precisely calculated. While its mass is not predicted by the SM.

In July 2012, the ATLAS and CMS collaborations announced the discovery
of a Higgs boson with a mass of approximately 125 GeV using proton—proton col-
lisions collected at center-of-mass energies /s = 7 TeV and 8 TeV at the LHC.
Following the discovery, a broad range of measurements of the boson’s properties
have been performed using proton—proton collision data produced by the LHC.
The coupling properties of the Higgs boson to other Standard Model (SM) par-
ticles, such as its production cross sections in pp collisions and decay branching
ratios, can be precisely probed within the SM. Measurements of these properties
can therefore provide stringent tests of the validity of the SM.

Two topics in the Higgs sector are covered by this dissertation, including
the measurements of the Higgs boson properties in the diphoton decay channel,
and the measurement of the Higgs boson production and decay rates, as well
as constraints on its couplings to SM particles by combining all available Higgs
production modes and decay channels measured by ATLAS. Both of them are
based on the proton—proton collision data produced by the LHC at center-of-mass
energies of /s = 13 TeV and recorded by the ATLAS detector.

Thanks to the high photon reconstruction and identification efficiency at the
ATLAS experiment, a reasonably large signal yield can be obtained in spite of
the small branching ratio for H — ~v. Furthermore, the excellent photon energy
resolution of the ATLAS calorimeter makes the signal appears as a narrow peak
in the diphoton invariant mass spectrum. By using an appropriate fit to the m.,
distribution of the selected events, the Higgs boson signal yield can be measured.

The combination of Higgs boson decay channels maximizes the precision of
these measurements and allows a measurement of the ratio of partial decay widths
that is independent of the total width of the Higgs boson. These results increase
the experimental sensitivity to new processes at high energy scales that involve
the Higgs boson.

The contents of this dissertation are organized as follows. Chapter 1 intro-
duces the Standard Model and Higgs mechanism. Chapter 2 introduces the LHC
and the ATLAS experiment. Chapter 3 presents the simulation and the recon-

struction of physics object. Chapter 4 discusses the measurements of the Higgs



boson properties in the diphoton decay channel. Chapter 5 talks about the mea-
surement of the Higgs boson production and decay rates as well as constraints on
its couplings to SM particles, combining decay channels H — ZZ*, H — WW™*,
and H — ~v; and to fermions, H — 77, H — bb, and H — pyu. Finally, the

summary and outlook are given in Conclusion.



CHAPTER 1

The Standard Model and Higgs Mechanism

1.1 The Standard Model of particle physics

The Standard Model (SM) is our current understanding of particle physics.
It describes elementary particles and the interactions between them, with the
exception of gravity. It is a non-Abelian Lorentz invariant and gauge invariant
quantum field theory developed starting from the 1960s. Over the past several
decades, it has successfully explained most relevant experimental observations
with a high degree of precision.

The Standard Model is based on the symmetry group SU(3) x SU(2) x U(1),
in which the color group SU(3) describes the strong interaction, and SU(2) x U(1)

represents the electroweak (EW) interactions. The Lagrangian can be written as

Lsu = ZLew + Zoep (1.1)

where Zpw and Zpep represents the Lagrangian of electroweak interaction and
the quantum chromodynamics (QCD) term, respectively. These will be discussed

in the following part of this chapter.

1.1.1 Elementary particles in the Standard Model

According to the SM, all known matter is comprised of fermions of spin
%. Fermions are elementary particles including quarks (u, d, ¢, s,t,b) and leptons
(e, u, 7 and corresponding neutrinos). The interactions are mediated by spin 1
particles, including strong (by gluons) and electroweak (by photon v and weak
bosons W and Z). There is a spin 0 scalar Higgs boson that breaks the gauge
symmetry to generate masses of the weak force carriers. All the SM elementary

particles are summarized in Figure 1.1



Standard Model of Elementary Particles
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Fig. 1.1: Standard Model of Elementary Particles. Source: Particle Data Group.

Fermions respect the Pauli exclusion principle per the spin—statistics theorem.
The fermions of the Standard Model are classified according to how they interact
and each fermion has a corresponding antiparticle. The six leptons including
e, p and 7 carrying electric charge of -1, and electrically neutral corresponding
neutrinos can participate in electroweak interactions. The wu,c,t quarks carry
electric charge of 2/3 in unit of e, while d, s, b have -1/3. Quarks also carry color
charge which allows them to interact via the strong interactions.

In the Standard Model, gauge bosons with a spin of 1 act as force carriers that
mediate the strong, weak, and electromagnetic interactions. There are 8 massless
gluons as the strong force carriers also carrying color charges. A massless photon
acts as the electromagnetic force mediator between electrically charged particles.
There are also the Z and the W¥ bosons which are massive (91.2 GeV and 80.4
GeV, respectively) and mediate the weak interactions, for both quarks and leptons.
Electromagnetic and weak interactions are unified as the electroweak interaction
in the Standard Model.

The last particle of the Standard Model was discovered in 2012. The Higgs
boson with mass around 125 GeV [4] and spin 0 can explain why the other ele-
mentary particles, except the photon and gluon, are massive through the Brout-

Englert-Higgs mechanism.
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Fig. 1.2: (a) Summary of Standard Model interactions between particles. Source:
Wikipedia, Author: Eric Drexler. (b) Vertices in the Standard Model (Except
the modifications involving Higgs boson interactions and neutrino oscillations).
Source: Wikipedia, Author: Garyzx.
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Figure 1.2 summarizes the interactions between particles, and also depicts

the corresponding forces mediated by gauge bosons in the SM.

1.1.2 Electroweak interactions and the Brout-Englert-Higgs mechanism

1.1.2.1 The electroweak Lagrangian
The electroweak theory is a unified description of the electromagnetism and
weak interactions. The Lagrangian Zgw in Equation 1.1 can be further divided

into

XEW = ggauge + Z(b + gfe'r‘mion + gYuk:awa ) (12)

where .Z}4,4¢ is the gauge boson self interaction term, .2, denotes the scalar Higgs
field term, Zfermion represents the fermion interaction term and %y yrqwa gives the
Yukawa term.

The gauge boson self interaction term is constructed from the field strengths,

which can be expressed as

1
4
where the U(1) field strength B,, and the SU(2) field strengths Wi(i = 1,2,3)

are defined from the commutation of two covariant derivatives,

) ) 1
Lyige = = Wi, W = 1B B" . (1.3)
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Bl%l, = 8#81,‘— 8,,Bu' | (1.4)
Wi, = 0.W, —0,W, — gepWIW}
Here g is the coupling strength to the SU(2) gauge field and ¢;;; is the totally
anti-symmetric tensor. The Lagrangian in Equation 1.3 is not only quadratic in
the derivatives of the gauge boson fields but contains as well three- and four-
point self-interaction terms. These give rise to the triple and quartic gauge boson
couplings.
The scalar sector fields are described by the Lagrangian invariant under

SU(2) x U(1) transformations. The Lagrangian can be written as

Ly = (D"¢)'Dup — V(9) (1.5)

where the SU(2) doublet ¢ = (¢, #°)T represents the two complex Higgs fields.

The gauge covariant derivative is defined as

) Ti ; ,lgl
Dud) = (au + ZgEWM + 7Bu)¢ y (16)

where the 7% are the Pauli matrices, g and ¢’ represent the SU(2) and U(1) coupling

constants, respectively. The Higgs self interaction

V(¢) = —1?¢'o + M¢'9)” | (1.7)

described by the most general fourth-order polynomial. Value of p such that
1?2 > 0 lead to spontaneous symmetry breaking. A > 0 is required for Vacuum
stability

The fermion term is invariant under global SU(2) x U(1) transformations in

flavor space, which can be written as:
Lhermion = Y OV DEdl + > ¢ ;v Dl , (1.8)
J 30

in which ¢ = £ denotes the up and down type of fermions, L and R denote the



left and right chirality components of the fermion field.

1

o1 = 5(1 —75)9,
1

(bR = 5(1 + 75)¢7

. o Y
Dyt = 0y = igly "Wk +ig' 5 By, (1.9)

1

If = §Ua7

=0,

a=1,2,3,

where 75 is the fifth gamma matrix.
With the previously introduced scalar field, the gauge invariant Yukawa in-

teraction between the Higgs and fermion fields can be written as:

F
Lrukawva == Y Din@nr0g + Tl 0dig + Tinlndeng] + e, (1.10)

m,n=1

where I' matrices are used to described the Yukawa couplings between the

single Higgs doublet (¢) and different flavors of quarks and leptons (m and n).

1.1.2.2 The Brout-Englert-Higgs mechanism

The symmetry requirements in gauge theory do not allow mass terms in
the Lagrangian .Z,,4., predicting that both the electromagnetism’s gauge boson
(the photon) and the weak force’s gauge bosons (W and Z boson) should have
zero mass. While experimental observations confirm that the weak gauge bosons
do have masses. Thus a mechanism which leads to the spontaneous symmetry
breaking, known as the Brout-Englert-Higgs mechanism [5, 6] is introduced. The
corresponding Higgs field generates the masses of the W and Z gauge bosons
through the Higgs mechanism. It indicates that the vacuum state does not respect
the gauge symmetry, in which a manifestation of potential energy transferred to
fundamental particles when they interact with the Higgs field to obtain mass in
the form of energy.

The single complex Higgs ¢ doublet in the SU(2) space can be written in a

Hermitian basis as

¢ = , (1.11)

¢t _ b ¢1 — 192
¢’ ¢3 — iy

V2

where ¢; = gbj stands for four Hermitian fields. The Higgs self interaction shown

in Equation 1.7 can be written as following in this basis:



V(6) = 523 )+ A R (1.12)

i=1

where an infinite set of degenerate Higgs ground state configuration exist, sat-
isfying < 0]¢;|0 >= /(u?/\). Without loss of generality, in the four-dimensional
space, we can choose < 0|¢;|0 >= 0,7 =1,2,4 and < 0|¢3|0 >= v. Equation 1.12

can then be expressed as

V() > V(e) = =5 + 132, (1.13)

The sign dependence of p? is shown in Figure 1.3. SU(2) x U(1) is unbroken
at the minimum when p? < 0. A spontaneous symmetry breaking can be reached

when p? > 0, giving the minimum v = \/pu2/\.

Fig. 1.3: The potential V(¢) with p? < 0 (left) and g? > 0 (right). Author: Jean
Iliopoulos.

The scalar sector Lagrangian in Equation 1.5 can be expanded around the
classical ground state as its radial degree of freedom times and exponential con-

taining the generators of the broken gauge symmetry

0

b= T
v+ h(x)

NG , (1.14)

where h(x) is a Hermitian field which will turn out to be the physical Higgs
scalar. 0%(x) describe the massless particles arising when a spontaneous symmetry
breaking happens, the so-called Goldstone bosons. In the unitary gauge, 0°(z) = 0,

the Higgs field becomes

1 0
¢= v+ h(z)

=% , (1.15)
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and the scalar Lagrangian can be written as

Ly =(D"¢) Dy — V(9)

=my WHW, (14 hgjx))Q + %mQZZ“ZH(l + M)2 + %(@Lh(:v))Q ~V(¢),

v

(1.16)

by introducing the weak mixing angle 6y with tanfy = %/, the gauge boson
masses are v
mw 2957

M (1.17)

v
mz =\/g*+ g%z =

2 cosfy’

The gauge fields can be expressed as

w1 W2
v _\/§(W W, (1.18)

7 = — sin Oy B + cos Oy W3,
The Higgs potential in the unitary gauge can be then written as

V(p) = % + p?h(z)? + Moh(x)?® + gh(:v)4 : (1.19)

In V(¢), the third and fourth terms denote the cubic and quartic interactions of

the Higgs scalar. The Higgs mass is expressed in the second term of Equation 1.19
by
my = /212 = V2, (1.20)

Fermion masses are generated by the Yukawa coupling term in Equation 1.2
when the Higgs field acquires a Vacuum Expectation Value (VEV) and breaks
SU(2) spontaneously. The Yukawa term in Equation 1.10 can be simply written

as

gYukawa = - ZmF¢7F¢F - Z %¢7F¢fh(x) ) (121)
F

F

from which the masses m; for the fermions can be read off:

v
—,i=e,u,d, 1.22
7% (1.22)

where F; stands for the Yukawa coupling which is proportional to the mass of

mrp = I

fermions.
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1.2

The Higgs processes at the LHC

1.2.1 Higgs boson production at Large Hadron Collider

The Higgs boson production in proton-proton collisions at the LHC is mainly

via the following production modes:

gluon-gluon fusion (ggF) through a heavy quark loop, gg — H;

vector boson fusion (VBF), characterized by the presence of two highly en-
ergetic jets with a large An gap, q¢¢' — q¢'H;
associated production with a W boson (WH) or a Z boson (ZH), q4 —

W H /Z H (Higgs-strahlung), including a small contribution (around 8%) from
99 — ZH (99ZH);

production in association with heavy top or bottom quark pair, ttH and
bbH, qq/gg — ttH,bbH;

associated production with a single top quark (¢tH), including t-channel
(tHq) qg — tHq'b processes and association with a W boson (tHW') gb —
tHW.

Compared to the single Higgs production mechanisms, the pair production

mode is suppressed by power of the additional EW vertices which reduces its

contribution. Figure 1.4 shows the predicted Higgs production cross section at
V/s = 13 TeV as a function of Higgs boson mass between 120 GeV and 130 GeV.

Fig.

20 BE
—10°E _ ER
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1 pp_— ZH (NNLO QCD + NLO EW)
E_Pp ~ ttH (NLO QCD + NLO EW) ]

[ Pp — bbH (NNLO QCD in 5FS, NLO QCD in 4FS) &

107 =
T | | ‘ | | ‘ | | ‘ | | ‘ | | j

120 122 124 126 128 130

M, [GeV]

1.4: Standard Model Higgs boson production cross sections at /s = 13TeV

as a function of Higgs boson mass. Source: LHC Higgs XS WG.
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The ggF production process involves a loop process at lowest order, with
contributions from t— and b—quark loops and a small interference between them.
It is the dominant production process at the LHC, contributing to around 90% of
the total production cross sections at my = 125 GeV. It is the leading production
mode to study the Higgs properties. The leading-order Feynman diagram of ggF
is shown in Figure 1.5a.

The VBF production process accounts for around 7% of the total Higgs pro-
duction cross-section, which is the second largest. The two forward jets in the
topology can be used to distinguish it from the ggF production mode. VBF
probes a combination of vector boson couplings, with a negligible amount(0.1 %)
of interference between these tree-level contributions. The Feynman diagram can
be found in Figure 1.5b.

177 W S

(a)
Fig. 1.5: Feynman diagrams of Higgs boson production via (a) ggF and (b) VBF
production modes.

V H production modes takes around 4% of the total Higgs production cross
section at /s = 13 TeV. The q¢ — WH and qq — ZH processes (Figure 1.6a)
probe couplings to W boson and Z boson, respectively. Their unique event topol-
ogy can be splitted from the major production modes like ggF and VBF. The
gluon-initiated associated production of a Higgs boson with a Z boson, ggZ H,
is characterised by gluon-fusion-style production involving ¢, b-quark loops where
the Higgs boson is either radiated directly from the fermion loop (Figure 1.6b), or
is radiated from the outgoing Z boson (Figure 1.6c).

t/bA \

q Wiz - 4

(a) (b)
Fig. 1.6: Feynman diagrams of Higgs boson production via (a) q¢g — WH/ZH
and (b, ¢) gg — ZH production modes.
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The ttH production process (Figure 1.7a) directly probes the Higgs boson
coupling strength to top quarks. It is crucial to probe the Yukawa coupling as
the top is the heaviest fermion. The bbH process has a smaller cross section,
and more difficult to study due to the low tagging efficiency of the much softer
b-quark. The tree-level t H production, comprising the processes t Hq (Figure 1.7b,
1.7¢) and tHW (Figure 1.7d, 1.7e), has a large destructive interference between
contributions where the Higgs boson is radiated from the W boson and from the
top quark. Therefore, it can be used to constrain the sign of Yukawa couplings
between the Higgs boson and the top quark. The SM cross section predicted for

tH production is relatively small, about 18% of the ttH cross section.

g t/b

q q
, H
4
t
9 b

Fig. 1.7: Feynman diagrams of Higgs boson production via (a) ttH (bbH), (b, c)
tHq and (d, e) tHW production modes.

1.2.2 Higgs boson decay branching ratio and total width

The total width of the SM Higgs boson with m; at 125 GeV is predicted to
be around 4 MeV. Once the Higgs boson mass fixed, the decay branching ratios of
Higgs boson to massive particles can be calculated, as the partial width depends on

the square of of the Higgs couplings to the decay products, which are proportional

14



to their masses. The heavier the particle is, the larger the partial decay width is
allowed by phase space. Figure 1.8 shows the Feynman diagrams of Higgs boson

decaying into particle with mass.

bt 1"

Fig. 1.8: Feynman diagrams of Higgs boson decays (a) to gauge bosons and (b)
to fermions.

For massless particles such as photons and gluons, their contributions to the
Higgs total width are via loop induced processes. The destructive interference
between the W boson and the top quark in the loop can be used to check the sign
degeneracy between Higgs boson couplings to bosons versus to fermions and to

probe the potential new physics.

v/Z v/Z vz

0

H ------ t/b H --=----

Fig. 1.9: Feynman diagrams of Higgs boson decays via H— vy and H— Z~ modes.
The SM Higgs boson branching ratios at m; = 125.09 GeV are listed in

Table 1.1. The dominant decay mode is H — bb (57.5%). The H— v branching
ratio is around 0.227%.
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Fig. 1.10: Standard Model Higgs boson decay branching ratios. Source: LHC
Higgs XS WG.

Decay mode Branching ratio [%]

H — bb 57.5+1.9
H— WW* 21.6 £ 0.9
H— gg 8,56 + 0.86
H->7rr 6.30 % 0.36
H = cc 2.90 & 0.35
H— 27 2.67 £ 0.11
H—s vy 0.227 +0.011
H—s Z~ 0.155 & 0.014
H — 0.022 £ 0.001

Table. 1.1: Decay branching fractions of a Higgs boson with a mass of 125.09 GeV
predicted by the Standard Model, together with their theoretical uncertainties.
Source: LHC Higgs XS WG.

1.3 Simplified template cross sections

Simplified template cross sections [3, 7] are defined through a partition of the
phase space of the SM Higgs production process into a set of non-overlapping re-
gions. These regions are defined in terms of the kinematics of the Higgs boson and,
when they are present, of associated jets and W /Z bosons, independently of the
Higgs boson decay process. They are chosen according to three criteria: sensitiv-
ity to deviations from the SM expectation, avoidance of large theory uncertainties
in the corresponding SM predictions, and to approximately match experimental

selections so as to minimize model-dependent extrapolations. Analysis selections
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do not however necessarily correspond exactly to the Simplified template cross
sections (STXS) regions.

All regions are defined for a Higgs boson rapidity yg satisfying |yg| < 2.5,
corresponding approximately to the region of experimental sensitivity. Anti-k;
algorithm with a jet radius parameter R = 0.4 is used to reconstruct jets from
all stable particles with a lifetime greater than 10 ps, excluding the Higgs decay
products, and with a transverse momentum pr e > 30 GeV.

The measurements presented in Chapter 4 and Chapter 5 are based on the
Stage 1 splitting of the STXS framework. Higgs boson production is first classified
according to the nature of the initial state and of associated particles, the latter
including the decay products of W and Z bosons if they are present. These
categories are, by order of decreasing selection priority: ttH and tH processes;
qq — Hqq processes, with contributions from both VBF production and quark-
initiated q¢ — WH/ZH production with a hadronic decay of the gauge boson;
g9 — ZH with Z — qq; V H production with a leptonic decay of the vector boson
(V(lep)H), including gg — ZH production; and finally the gluon fusion process.
The last is considered together with g9 — ZH, Z — ¢ production, as a single
gg — H process. The bbH production mode is modeled as a 1% [3] increase of
the gg — H yield in each STXS bin, since the acceptances for both processes are
similar for all input analyses [3]. The ¢ttH and tH processes are also combined
in a single ttH+tH category, assuming the relative fraction of each component
to be as in the SM, within uncertainties. The Stage 1 binning for gluon fusion
production, vector boson fusion production and associated production with vector
bosons are shown in Figure 1.11, 1.12 and 1.13, respectively. Those STXS Stage 1
regions are summarized in Table 1.2. The STXS measurements are discussed in
Section 4.9.4 and Section 5.7.

.+ VBF cuts
2 26t pii < 200

Fig. 1.11: STXS Stage 1 binning for the gluon fusion production.



_ (EW gqH incl. VH — qqH)
l BSM

ﬁﬂﬁ

> 2-jet VBF cuts

Fig. 1.12: STXS Stage 1 binning for the vector boson fusion production.

(H + leptonic V')

[iow ] o [oaiw]
[ ] [ ]

py. [150, o0]

(o] (]
Fig. 1.13: STXS Stage 1 binning for the associated production with vector bosons.

18



Process Particle-level stage-1 region
99H + 99 — Z(— qq)H  0-jet
L-jet, pH < 60 GeV
L-jet, 60 < pH < 120 GeV
1-jet, 120 < pH < 200 GeV
1-jet, p¥ > 200 GeV
> 2-jet, pH > 200 GeV
> 2-jet, p% < 60 GeV
> 2-jet, 60 < pif < 120 GeV
> 2-jet, 120 < pH < 200 GeV
qq — qq' H-like, pgjj < 25 GeV
qq¢ — qq' H-like, pgjj > 25 GeV
q¢ — Hqq (VBF + VH) ph <200 GeV, q¢' — q¢'H-like, pgﬂ < 25 GeV
pjT < 200 GeV, q¢' — qq' H-like, pgjj > 25 GeV
P < 200 GeV, qq — WH /Z H-like
P < 200 GeV, Rest
ph > 200 GeV
V H (leptonic decays) qq — ZH, p% < 150 GeV
qq — ZH, 150 < pZ < 250 GeV, 0-jet
qq@ — ZH, 150 < pZ < 250 GeV, > 1-jet
qq — ZH, p% > 250 GeV
qq — WH, p¥ < 150 GeV
qq — WH, 150 < p¥ < 250 GeV, 0-jet
qq — WH, 150 < p¥' < 250 GeV, > 1-jet
qq — WH, p¥ > 250 GeV
99 — ZH, p% < 150 GeV
99 — ZH, pZ > 150 GeV, 0-jet
g9 — ZH, p% > 150 GeV, > 1-jet
Top-associated production ttH tHq and tHW
bbH bbH

Table. 1.2: Kinematic regions of the Stage 1 simplified template cross sections.

1.4 Framework for coupling-strength measurements

Coupling strength modifiers k are introduced to study modifications of the
Higgs boson couplings related to BSM physics, within a framework [2] (k-framework)
based on the leading-order contributions to each production and decay process.
Within the assumptions made in this framework, the Higgs boson production and
decay can be factorized, such that the cross section times branching fraction of
an individual channel o(i — H — f) contributing to a measured signal yield is

parametrised as

oi(k) x I't(K)
I'y ’
where I'y is the total width of the Higgs boson and I'y is the partial width for

o; X By = (1.23)

Higgs boson decay to the final state f. For a given production process or decay
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mode j, the corresponding coupling strength modifier x; is defined by

L

2_ % I
SM -
Fj

_ 2 _
kj = oM or K =
J

The SM expectation, denoted by the label SM, by definition corresponds to

k; = 1. Modifications of the coupling scale factors also change the Higgs boson

(1.24)

total width 'y by a factor #p, given by w3 =3 BJScM/i?.

The total width of the Higgs boson increases beyond modifications of x; due to
contributions from two additional classes of Higgs boson decays: invisible decays,
which are identified through an E¥ signature in the analyses described in Sec-
tion 5.3.8; and undetected BSM decays, to which none of the analyses included in
this combination are sensitive (the latter includes for instance Higgs boson decays
to light quarks, or to BSM particles to which none of the input analyses provide
appreciable sensitivity). In the SM, the branching ratio for decays to invisible
final states is ~ 0.1%, from the H — ZZ* — 4v process. BSM contributions
to this branching fraction and to the branching fraction to undetected BSM final
states are denoted by By, and By,qet respectively, with the SM corresponding to
Biny = Bundet = 0. The Higgs boson total width is then expressed as

k% (K
FH(K'? BinV7 Bundet) = (1 _ B H(—?B . t>Flqu (125)

Constraints on By,, are provided by the analyses described in Section 5.3.8,
but no direct constraints are included for Bynqet. Since all observed cross sections
of on-shell Higgs boson production o(i — H — f) is scaled by its value through
Eqgs. 1.23 and 1.25, further assumptions about undetected BSM decays are in-
cluded to interpret these measurements by using absolute coupling-strength scale
factors x;. The SM gives the simplest assumption that there are no undetected
BSM Higgs boson decays and the invisible branching fraction. An alternative,
weaker assumption, is to require Ky < 1 and kz < 1 [2]. Another alternative
assumption is that the signal strength of off-shell Higgs boson production does
not depend on the total width, but on the coupling-strength scale factors [8, 9],
o°M(i — H* — f) ~ K}5 X K} o If there is an assumption that the coupling
strengths in off-shell Higgs boson production are identical to those for on-shell
Higgs boson production, ;¢ = Kjon, the Higgs boson total width can thereby be
determined from the ratio of off-shell to on-shell signal strengths [10, 11]. These
assumptions can also be extended to apply to B, as well as Byyqget, as an alter-
native to the measurements of Section 5.3.8.

An alternative approach is to rely on measurements of ratios of coupling

strength scale factors, which can be measured without assumptions on the Higgs
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boson total width, since the dependence on I'y of each coupling strength cancels
in their ratios.

The current LHC data are insensitive to the k. and k4. Thus, the assumptions
are introduced that k. varies as k; and k4 varies as k,. Other coupling modifiers
(Ku, Ka, and k) are of order unity. The gg — H, H — gg, ggZH, H — vy and
H — Z~ processes are loop induced in the SM. The ggH vertex and the H — ~v
process are treated either using effective scale factors r, and k., respectively,
or expressed in terms of the more fundamental coupling strength scale factors
corresponding to the particles that contribute to the loop, including all interference
effects. The ggZ H process is never described using an effective scale factor and
always resolved in terms of modifications of the SM Higgs boson couplings to the
top quark and the Z boson. This assumption impacts the description of BSM
effects in ggZ H, since these lead to modified production kinematics [12]. However
the effect of introducing an explicit dependence on the transverse momentum of
the Z boson in the parameterization was found to have a negligible impact on the
results at the current level of experimental precision. Similarly, the H — Z~ decay
is always expressed in terms of the Higgs boson couplings to the W boson and the
t quark as no analysis targeting this decay mode is included in the combination.
These relations are summarized in Table 1.3. Results of the coupling strength

framework are discussed in Section 4.9.5 and Section 5.8.
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Effective

Production Loops Interference Resolved modifier
modifier

o(gg — H) v t—1> Ky 1.04 k7 + 0.002 k7 — 0.04 K4k
o(qqd — q¢' H) - - - 0.73 k%, + 0.27 k%
o(gqZH) - - - K
o(g9ZH) v t—27 Koz 246 K% 4+ 0.46 k7 — 1.90 K754
oc(WH) - - - K
olqq/gg — ttH) - - - K2
o(tHW) - t—W - 2.91 k2 4+ 2.31 K%, — 4.22 Kykyy
o(tHq) - t—-w - 2.63 k2 + 3.58 k%, — 5.21 Kyky
o(bbH) - - - Ky
Partial decay width
Tbb _ _ _ K2
FWW _ _ _ ’{%/V
199 v t—>b /13 1.11 k2 + 0.01 /-il% — 0.12 kekp
7 _ _ B Rz—
rzz ) } } K2
re : : L R =R
M v t—W K2 1.59 k%, + 0.07 k2 — 0.67 Ky Ky
4 v t—W K%Zv) 112 kY, — 012 Ky kg
e - R
I - - - K
Total width (Biyw = Bundet = 0)

0.58 k2 + 0.22 k3,

+0.08 57 + 0.06 #2
Ty v - K3 +0.03 k% + 0.03 2

2 2
+0.0023 52 + 0.0015 K2,
+0.0004 12 +0.00022 12

Table. 1.3: Parametrizations of Higgs boson production cross sections o;, partial
decay widths I'y, and the total width 'y, normalized to their SM values, as func-
tions of the coupling strength modifiers k. The effect of invisible and undetected
BSM decays is not considered in the expression for I'y. For loop-induced effective
k parameters, the resolved scaling in terms of the modifications of the Higgs boson
couplings to the fundamental SM particles is given. The coefficients are derived
following the methodology in Ref. [2].
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CHAPTER 2

The Large Hadron Collider and the ATLAS

Experiment

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [13, 14, 15, 16] is the largest particle col-
lider, as well as the largest machine in the world, located at the European Organi-
zation for Nuclear Research (CERN), the France-Switzerland border near Geneva.
It’s a circular proton-proton collider with a circumference of 27 km and a depth
of 50 to 175 m beneath the ground; its designed maximum center-of-mass energy
of proton-proton collision is y/s = 14 TeV, with heavy-ion collisions also included
in the program reaching an energy of 2.3 TeV per nucleon. The collider has four
crossing points around the accelerator ring, corresponding to the positions of four
major particle detectors: ATLAS [17], CMS [18], ALICE [19] and LHCb [20]. AT-
LAS and CMS are large general-purpose particle detectors, studying the Higgs
boson and searching for signs of new physics, including the origin of mass and
extra dimensions. ALICE and LHCb have more specific roles. ALICE mainly
studies quark—gluon plasma produced by heavy-ion collisions, while LHCb is a

specialized B-physics experiment.
2.1.1 Design parameters and machine layout

The LHC is housed in a circular tunnel with a circumference of 26.7 km and
a width of 3.8 m. The tunnel was constructed between 1983 and 1988 and was
previously used to house the Large Electron—Positron Collider (LEP). The collider
has two adjacent parallel beamlines, each with proton beam travelling in opposite
directions around the ring. There are four beams intersect points around the ring
where the particle collisions take place. Magnets are used to keep the beams on
their circular path and focused. In the place close to the intersection points, there

are also stronger quadrupole magnets used to maximize the chances of interaction
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where the two beams cross.

The LHC is designed to have a nominal instantaneous luminosity of L =
103*cm 257!, which is defined as the number of particles per area per time during
collisions. Based on the assumption of a Gaussian beam distribution,

L = Nemohreatr o (2.1)

4me, B*
in which N, refers to the number of particles per bunch, n; the numbers of bunches
per beam, 7, the relativistic gamma factor, f.., the revolution frequency, 5* the
beta function at the collision point and ¢, the normalized transverse beam emit-
tance. F refers to the geometric luminosity reduction factor due to the crossing

angle at the interaction point (IP),

F:l/\/1+(92€§f)2, (2.2)

Where 6. is the full crossing angle at the IP, o* the transverse Root Mean
Square (RMS) of beam size at the IP, o, the RMS of bunch length.
Table 2.1 shows the design parameter of LHC to reach a peak luminosity of

103*ecm—2s™! for proton-proton collisions at /s = 14 TeV.

Circumference 26.7 km
Beam energy at collision 7 TeV
Beam energy at injection 0.45 TeV
Beam current 0.56 A
Luminosity 1034 em=2s5—1
Number of bunches 2808
Protons per bunch 1.11 x 10t
Nominal bunch spacing 24.95 ns
Normalized emittance 3.75 pm
Critical synchrotron energy 44.1 eV
Radiated power per beam 3.8 kW
Total crossing angle 300 prad
Dipole field at 7 TeV 8.33 T
Stored energy in magnets 11 GJ
Stored energy per beam 350 MJ
Energy loss per turn 6.7 keV
Operating temperature 19 K

Table. 2.1: LHC design parameters.
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The colliding particles traverse a chain of pre-accelerators, which is shown in
Figure 2.1. Protons produced from stripping off the valence electron of Hydrogen
atoms are accelerated to 50 MeV in the linear accelerator 2 (LINAC2), the first
accelerator in the whole chain. Then they are injected into the Proton Synchrotron
Booster (PSB), gaining energy up to 1.4 GeV. The remaining two circular pre-
accelerators, the Proton Synchrotron (PS) and the Super Proton Synchrotron
(SPS), will continue to increase the energy of protons to 25 GeV and 450 GeV,

respectively.
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Fig. 2.1: The CERN accelerator complex. Source: LHC complex.

Protons are arranged in bunches of nominally 1.11 x 10 and injected into
the LHC with bunch spacing down to around 25 ns. With continuous acceleration
around 20 min, protons will eventually reach the goal energy of 6.5 TeVas currently
LHC is operated at /s = 13 TeV. Then the collisions take place at the four
experiments, which can be found in Figure 2.2 showing the LHC facilities and its

underground layout.
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Fig. 2.2: The LHC underground layout. Source: LHC complex.

2.1.2  Operation status

The installation of LHC was between 1998 and 2008, but a 14-month-delay
happened for the initial testing due to a magnet quench incident. From March
2010 to February 2013, physics runs took place at /s = 7 TeV and 8 TeV, de-
noted “Run 1”. After the first long shutdown of two years with upgrade including
enabling collisions at 14 TeV, enhancing the performance of detectors and pre-
accelerators, the LHC restarted to take data at a center-of-mass energy at 13 TeV,
which is kept during the second 4-year operation period called “Run 2”. The peak
luminosity in 2018 fills reached 21.0 x 1033cm~2s7!, twice the design luminosity
mentioned above.

In reality, the instantaneous luminosity (Equation 2.1) changes with time. As

a result, the total number of events generated in collision is then given by

Nevents = go—evenhg = /Ldt ) (23)

in which we get . the integrated luminosity, in units of inverse barns, where
1b=10"%m?

The total delivered integrated luminosity in Run 2 is 156 fb=!. Figure 2.3
shows the status of integrated luminosity versus time for proton-proton collision
at LHC.
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Fig. 2.3: (a) Cumulative luminosity versus time delivered to ATLAS for high
energy p-p collisions during stable beams. (b) Cumulative luminosity versus time
for collisions delivered to ATLAS (green) and recorded by ATLAS (yellow) for pp
collisions at a center-of-mass energy 13 TeV in LHC Run 2 during stable beams.

The number of inelastic proton-proton interactions per bunch crossing called
pile-up events, follows a Poisson distribution with mean value p. The pile-up effect
is usually proportional to the beam intensity, inversely proportional to the bunch

crossing. i can be expressed by Equation 2.4

L bunchOinel
f rp

Where Lyynen is the instantaneous luminosity for each bunch, o;,.; the inelas-

< p>= (2.4)

tic cross section, npynen the number of colliding bunches, and f,., the revolution
frequency.

Figure 2.4 shows the standalone and stacked interactions per crossing for the
Run 2 pp collision data at 13 TeV center-of-mass energy. The average < p > value

for the entire Run 2 is around 33.7.

1

600:;vvv‘vvvv‘vvvv‘vvvv‘vvvv‘vvvv‘vvvv‘
[ ATLAS Online, 13 TeV ILdt:146.9fb'1

2015: <p> = 13.4
2016: <> = 25.1
2017: <p>=37.8
2018: <> = 36.1
Total: <p> = 33.7

500

400

BEEO

300

200

Recorded Luminosity [pb™/0.1]

100

uoneiqied 6172

s b b b b e

TTT T[T T T T[T T T T[T TTT[ 1117

0 10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

Fig. 2.4: Mean number of interactions per crossing for the Run 2 pp collision data
at 13 TeV center-of-mass energy.
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2.2 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) detector [17], constructed at the
Large Hadron Collider (LHC), is a general-purpose particle detector experiments.
The aim of this experiment is to use the unprecedented energy of the Large Hadron
Collider to observe phenomena involving high-mass particles that were not ob-
served at the early low-energy accelerators. Investigating the Higgs sector in the
Standard Model is also a goal for ATLAS, as well as searching for evidences of

theories of particle physics beyond the Standard Model.
2.2.1 Detector overview

The ATLAS detector is 46 meters long, 25 meters in diameter and weighs
about 7,000 tons. It contains around 3000 km of cables. The ATLAS detector
covers almost the entire solid angle around the proton-proton collisions LHC pro-
vided by combining several sub-detector systems installed around the interaction
point. The coordinate system and nomenclature of the ATLAS detector which are
repeatedly used throughout this thesis, are briefly described here. The nominal
interaction point (IP) is the origin of the coordinate system, while the the z-axis
defined as the beam direction and the x-y plane is transverse to the beam direction.
As for the sign of x-y coordinates, starting from the interaction point, the positive
x-axis is defined as pointing to the center of the LHC ring and the positive y-axis
is defined as pointing upwards. The side-A and side-C of the detector are defined
with positive z and negative z, respectively. The azimuthal angle ¢ is defined
around the beam axis, and the polar angle ¢ is the angle measured from the beam
axis. For normal objects, the pseudo-rapidity 1 defined as —Intanf/2 is used,
while the rapidity y = 1/2In[(E + pz)/(E — pz)] is used for massive objects. The
missing transverse energy EM5 the transverse momentum pr and the transverse
energy Frp are defined in the x-y plane. Furthermore, The distance AR is defined
as AR = \/m in the pseudorapidity-azimuthal angle space.

As a part of its initial goal for a general-purpose particle detector, giving
a precise measurement of the Standard Model parameters including the Higgs
sector requires the good performance from several GeV to hundreds GeV energy
scale. On the other hand, searching for the new physics beyond the Standard
Model also asks for the excellent detector capacity at the TeV region, to which the
characteristic energy scale, proposed by several new models, belongs. In addition,
the high inelastic event rate produced on LHC, together with the fact that the
QCD jet production cross sections dominate over the rare targeting productions,
poses a serious experimental difficulty. As a result, the ATLAS detector is designed

to fulfill the following requirements:
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o High detector granularity.
» High acceptance with almost full azimuthal angle coverage in pseudorapidity.
o Fast, radiation-hard electronics and sensor elements.

« Capability to observe secondary vertices by the vertex detectors close to the

interaction region.

e Good inner tracker performance for charged-particle momentum resolution

and reconstruction efficiency.

o Good performance for electron and photon identification and measurements

provided by electromagnetic (EM) calorimetry.

o Accurate jet and EM measurements delivered by hadronic calorimeter with

full-coverage.

e Good muon identification and momentum resolution with a wide range of
muon momenta covered, and also the ability to determine the charge of high

PT MUONS.

« High efficient triggering on low pr objects but also with sufficient background
rejection.

Figure 2.5 shows the cut-away view of the ATLAS detector. The detector

is designed to be forward-backward symmetric with respect to the interaction

point. An inner detector, electromagnetic and hadronic calorimeters, and a muon

spectrometer are contained.

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Fig. 2.5: Cut-away view of the ATLAS detector showing its components.
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The inner detector is surrounded by the superconducting solenoid with 2T
field. To achieve the pattern recognition, vertex and momentum measurements,
and electron identification, a combination of discrete, high-resolution semiconduc-
tor pixel and strip detectors in the inner part of the tracking volume is used.

Three large superconducting toroid system including one barrel and two end-
caps are arranged with an 8 times azimuth symmetrically around the calorimeters.
The electromagnetic (EM) calorimeter is composed of high granularity liquid-
argon (LAr) sampling calorimeters. It gives an excellent performance in terms of
the resolution of energy and position, covering the pseudorapidity range |n| < 3.2.
A scintillator-tile-based hadronic calorimeter provides the coverage of the range
In| < 1.7, including a central barrel and two extended barrel cylinders, one on
either side of the barrel. For the hadronic calorimeters, the LAr technology is also
used in end-cap region to extend the pseudorapidity coverage to |n| = 4.9.

The calorimeter system is surrounded by the muon spectrometer. The toroid
system with air-core is used to generate strong bending power, including a long
barrel and two end-cap magnets within a relatively light and open structure with
multiple-scattering effects minimized. Three layers of high precision tracking
chambers give a good muon momentum resolution. The trigger chambers with
timing resolution of the order of 1.5-4 ns are also the key components in the muon
system. In the end, the overall dimensions of the ATLAS detector is defined by
the muon spectrometer.

As for the trigger system, due to the fact that the interaction rate of the LHC
pp collisions at the design luminosity of 103*cm=2s7! is approximately 1 GHz, and
higher as the peak luminosity has already doubled during Run 2. While the event
data recording is limited to 400-1000 Hz in Run 1 and Run 2. It thereby requires
the trigger system to reject minimum-bias events while maintains maximum ef-
ficiency for the new physics. After the trigger system upgrade during the Long
Shutdown 1 (LS1), to fit the ATLAS detector readout capability, the maximum
L1 rate to 100 kHz, and an average HLT output rate to 1 kHz.

The general performance goal of the ATLAS detector can be found in Ta-
ble 2.2. The detailed introduction of each sub-system of the ATLAS detector will

be introduced in the following subsections.
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Detector component | Required resolution 7 coverage
Measurement| Trigger

Tracking Opp/Pr = 0.05%pr & 1% | < |2.5]

EM calorimetry op/E =10%VE®0.7% | < [3.2| < [2.5]

Hadronic calorimetry

(jets)

barrel and end-cap or/E =50%VE ® 3% < 13.2| < 13.2|

forward op/E =100%VE®10% | 3.1 < |n| <|3.1 < |n| <
4.9 4.9

Muon spectrometer | o, /pr = 0.05% at pr = | < |2.7] < |2.4]

1 TeV

Table. 2.2: General performance goals of the ATLAS detector

2.2.2 Magnet system

Four large superconducting magnets form the unique ATLAS hybrid Magnet
system, 22 m in diameter and 26 m in length.

Figure 2.6 shows the layout of the magnet system. A volume of approximately
12000 m? is filled with the magnetic field provided by the four superconducting
magnets. Four main layers of detectors are contained inside. A solenoid which
provides a 2 T axial magnetic field for the inner detector, is aligned on the beam
axis. A barrel toroid and two end-cap toroids are the other three components
which produce a toroidal magnetic field of approximately 0.5 T and 1 T for the

muon detectors in the central and end-cap regions, respectively.

Fig. 2.6: Geometry of magnet windings and tile calorimeter steel. The solenoid
winding lies inside the calorimeter volume. The eight barrel toroid coils, with the
end-cap coils are shown. The tile calorimeter shown inside is modelled by four
layers with different magnetic properties, plus an outside return yoke.

The central solenoid is designed to provide a 2 T axial field. Various properties

31



are designed to achieve the calorimeter performance. For example, the layout was
optimised in order to have a low material thickness in front of the calorimeter.
The solenoid windings and LAr calorimeter also share a common vacuum vessel
to prevent the use of two vacuum walls. What’s more, a 2-mm-thick aluminium
heat shield panel is integrated between the inner wall of the cryostat and the
solenoid. The solenoid is charged and discharged in about 30 min. In the case of
a quench, the energy stored can be safely absorbed.

the magnetic field provided by the barrel toroid fills the cylindrical volume
surrounding the calorimeters and both end-cap toroids. It is composed of eight
coils encased in vacuum stainless-steel vessels. The total size of the barrel toroid
system is 25.3 meters in length, with inner and outer diameters of 9.4 meters and
20.1 meters, respectively. The conductor and coil-winding technology is based
on winding a pure Al-stabilised Nb/Ti/Cu conductor into pancake-shaped coils,
followed by vacuum impregnation, which is essentially the same for the barrel and
end-cap toroids.

A magnetic field to optimise the bending power in the muon spectrometer
system end-cap regions is generated by the two set of end-cap toroids. They can
slide along the central rails, which is used to open the detector for access and
maintenance. Each end-cap toroid is composed of a single cold mass constructed
from eight flat and square coil units, and eight keystone wedges, which is stable

under the Lorentz forces.

2.2.3 Inner detector

Charged-particle tracks and vertices are reconstructed using information from
the inner detector (ID). Three sub-detectors are included in the inner detector:
At inner radii, silicon pixel detector and silicon microstrip (SCT) layers provide
the high-resolution pattern recognition capabilities. At larger radii, the transition
radiation tracker (TRT) comprises many layers of xenon-based mixture gaseous
straw tube elements interleaved with transition radiation material and provides
continuous tracking to improve the pattern recognition and the momentum reso-
lution. The inner detector is within a cylindrical envelope of radius 1150 mm and
of length 43512 mm, within a 2 T solenoidal magnetic field. The cut-away view

of the inner detector is shown in Figure 2.7.
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Fig. 2.7: Cut-away view of the ATLAS inner detectors.

Figures 2.8 shows the sensors and structural elements traversed by 10 GeV

charged particles in respectively the barrel and end-cap regions.
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Fig. 2.8: (a) Barrel inner detector: Sensors and structural elements traversed by
a 10 GeV pr charged track. (b) End-cap inner detector: Sensors and structural
elements traversed by two 10 GeV pr charged tracks.

The tracking information provided by the inner detector is important for
many Higgs boson-related analysis. The H — ~7 analysis requires separating
electrons from photon conversions accurately. The H — ZZ™) and H — WW®)
channels ask for a good performance on lepton reconstruction and identification.
The momentum measurement of high-pr muons is also important for those chan-
nels. Using track information to distinguish 7-lepton and b-quarks from other

objects plays the crucial role in the H — 77 and H — bb channels.

2.2.3.1 Pixel detector

The silicon pixel detector (with insertable B-layer [21] installed before the
start of Run 2) is the innermost element of the Inner Detector. Four concentric
layers distributed at the radii 33 mm, 50.5 mm, 88.5 mm and 122.5 mm from the
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beam axis, and three disks on each end-cap are included, with a total of over 1744
modules distributed in R — ¢ and z planes, each measuring 2 cm by 6 cm. The
detecting material is silicon with a thickness of 250 pm.

There are about 80.4 million readout channels for pixel detectors in total.
( 67 million for barrel and 13 million for end-caps) covering an area around 1.7
m?, taking up around 50% of the readout channels of the ATLAS experiment in
total. 16 readout chips and other electronic components are contained by each
Pixel module. A pixel with a size of 50 by 400 pm is the smallest unit that can be
read out; there are roughly 47,000 pixels per module. It gives resolution around 10
pm in the R — ¢ plane and 115 pm in the z plane. The extremely precise tracking
very close to the interaction point provided by the pixel detector can help with the
identification and reconstruction of secondary vertices from the particles decays

like hadrons containing b-quarks or 7-leptons.

2.2.3.2  Semi-Conductor Tracker

The Semi-Conductor Tracker (SCT) is the intermediate element of the inner
detector. The concepts and functions of SCT are similar to the Pixel Detector,
but have longer, narrower strips rather than smaller pixels, making the coverage
larger. It consists of four cylindrical layers of silicon strips at the barrel region,
and nine disks each side at the end-caps. A total area of 61 square meters covering
radial regions from 30 to 52 cm and || up to 2.5. The detecting material is silicon
wafers with a thickness of 285 pum. 6.3 million readout channels are included in
the system.

Each strip has size of 80 um by 12 ¢m. For basic tracking in the plane
perpendicular to the beam, the SCT is the most critical part of the inner detector
as it gives the measurement of particles in a much larger area than the Pixel
Detector, with more sampled points. The resolution per module in the barrel are
17 pm (R — ¢) and 580 pm (z). While for end-cap disks, they are 17 ym (R — ¢)
and 580 um (R).

2.2.3.3 'Transition radiation tracker

The outermost component of ID is the transition radiation tracker (TRT). It
consists of a straw tracker and a transition radiation detector. The thin-walled
proportional drift tubes (straws) are the detecting elements, with a size of 4 mm in
diameter, and 144 and 37 cm long in barrel and end-caps, respectively. A voltage
about —1,500 V, which produce a current pulse (signal) in the wire by driving the
negative ions inside straw to a fine wire down the center of each straw, is applied
to straws. When a charged particle passes through, the carbon dioxide, oxygen

and xenon-mixed gas filled in each straw becomes ionized, then hits are made by
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the wires with signals giving it possibilities to determine the path of the particle.

The TRT consists of 52,544 straws segmented to 73 layers in the barrel region,
and 122 880 straws distributed to 160 layers in each side of end-caps, as well as
351,000 readout channels. The TRT detector provides a relatively large number of
hits (typically 36 per track). The tracking position resolution for TRT system is
about 130 pm, offering transition radiation detection capability on the R-¢ plane,
and giving additional tracking and important discrimination between electrons

and charged hadrons for the region of |n| < 2.0.

2.2.4 (Calorimeters

The electro-magnetic energy measurements are provided by the ATLAS calorime-

ter system located outside the solenoidal magnet surrounding the Inner Detector.
Two basic calorimeter systems are contained inside to cover the full ¢ and |n| < 4.9
region: an inner electromagnetic calorimeter (ECAL) and an outer hadronic sam-
pling calorimeter (HCAL). With the help from the tracking system, the fine gran-
ularity ECAL provides ideal precision measuring electrons and photons. At the
same time, the energy of hadrons are absorbed by high-density metal in HCAI to
periodically sample the shape of the resulting particle shower, and to infer the en-
ergy of the original particle, providing information for jet reconstruction and ERs

measurement. Figure 2.9 shows the cut-away view of the ATLAS calorimeter.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic o

end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Fig. 2.9: Cut-away view of the ATLAS calorimeter.

The EM calorimeters are based on liquid argon detector, while the hadronic

35



calorimeters adopts the scintillating tiles and steels as the active material in the
barrel, and also uses the liquid argon technology in the forward region. The
schematic view of ECAL and HCAL module can be found in Figure 2.10. Details

are described in the following subsections.
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Fig. 2.10: (a) Schematic view of an ECAL barrel module where the different
layers are indicated. (b) Schematic showing the mechanical assembly and the
optical readout of the hadronic tile calorimeter are integrated together.

2.2.4.1 LAr electromagnetic calorimeter

The energy from particles that interact electromagnetically, including charged
particles and photons, is absorbed by the electromagnetic (EM) calorimeter. It
is a lead/liquid-argon (LAr) sampling calorimeter, which has accordion-shaped
electrodes to be able to provide ¢ symmetry without azimuthal cracks. The energy-
absorbing materials are stainless steel and lead. It contains the barrel section
covering the pseudorapidity region |n| < 1.475, and two end-cap sections, covering
1.375 < |n| < 3.2. There are three layers divided longitudinally in depth for
In| < 2.5, and two layers for 2.5 < |n| < 3.2. In the regions || < 1.4 and
1.5 < |n| < 2.4, the first layer with a depth of 4.3 radiation lengths, has a fine n
segmentation used to discriminate isolated photons from pairs of close-by photons
decayed from neutral hadrons. The second layer is with a depth of 16 radiation
lengths, where most of the energy is collected. The information collected from the
cluster barycenter of the second layer allows a measurement of shower directions
without assumptions on the production points of photons. There is back layers

with a depth of 2 radiation lengths and with coarse granularity to collect the end
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of showers. In the region of |n| < 1.8 a presampler layer allows corrections to be
made for energy losses upstream of the calorimeter. The presampler contains an
active LAr layer of thickness 1.1 ¢cm in the barrel and 0.5 cm in the end-cap region,
respectively. In addition, Cryostats are also installed around the EM calorimeter

to control the temperature.

2.2.4.2 Hadronic calorimeters

For these particles passing through the electromagnetic calorimeter, but do
interact via the strong force, which are primarily hadrons, the energy is absorbed
and the hadronic shower is defeated by the hadron calorimeter. The steel absorbers
and scintillator tiles are used in the barrel region, or either copper in the end-cap
region as the absorbers of the liquid-argon hadronic end-cap calorimeter (HEC),
or copper-tungsten as the absorbers of liquid-argon forward calorimeter in the
forward region (FCal). Both the HEC and FCal are immersed in an LAr active
medium.

The HCAL is large and consists of a huge amount of construction material.
The tile calorimeter is 8 m in diameter and 12 m along the beam axis, covering
In| < 1.7 region. It is a sampling calorimeter just outside the ECAL. It consists
of a central barrel in the region |n| < 1.0 with a 5.8 m length, and two extended
barrel in the region 0.8 < |n| < 1.7 with 2.6 m lengths, spanning radii from 2.28
m to 4.25 m. The tile calorimeter uses steel as absorber and scintillating tiles as
active material distributed over 64 modules. Both the barrel and extended barrels
are separated into three layers. For barrel, the thickness are approximately 1.5,
4.1 and 1.8 interation lengths (A) for the three layers, while they are 1.5, 2.6 and
3.3 for two extended barrels. At n = 0, the total detector thickness of the tile-
instrumented region at the outer edge is 9.7 A. Two separate photomultiplier tubes
(PMT) are used to read out each scintillating tile through wavelength shifting
fibers.

The HEC covers 1.5 < || < 3.2 and consists of two independent wheels
(one front wheel and one rear wheel) with a total of four layers per end-cap. It
is composed of 32 wedge-shaped modules with copper absorbers. It distributes
directly behind the end-cap ECAL and shares the same LAr cryostats. It overlaps
with both the tile calorimeters and the FCal in order to minimize the drop in
material density at the transition area. The resulting sampling fractions for the
front wheel and the rear wheel are 4.4% and 2.2% respectively.

The Forward Calorimeter (FCal) is in the same cryostats as the HEC and
extends the coverage to 3.1 < |n| < 4.9. The FCal has an interaction length of
approximately 10 A deep. It consists of three modules in each end-cap with a

45 cm depth, all using LAr as active medium. The first module uses copper as
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absorbers and is optimized for EM measurements, while the other two using tung-
sten measure predominantly the energy of hadronic interactions. The structure
with a very small liquid-argon gap is used, which are designed by applying an
electrode structure of small-diameter rods oriented parallel to the beam direction.
As the FCal modules are located at very forward region with high 7, at a distance

of approximately 4.7 m from the IP, with high particle fluxes.

2.2.5 Muon spectrometer

There is a muon spectrometer surrounding the calorimeter. It comprises preci-
sion tracking chambers (|n| < 2.7) and separate trigger (|n| < 2.4) in the magnetic
field provided by three large toroids. The Muon Spectrometer is the outer part of
the ATLAS detector, consisting of three parts: (1) An approximately 1.0 to 7.5
T magnetic field giving the magnetic deflection of muon tracks, provided by three
toroidal magnets. The cnetral magnetic field is provided by the large barrel toroid
in the range || < 1.4. For 1.6 < |n| < 2.7, it is from two smaller end-cap magnets.
A combination of barrel and end-cap fields provides the magnetic deflection in the
transition region 1.4 < |n| < 1.6. (2) A set of 1200 chambers measuring tracks of
the outgoing muons with high spatial precision, with pr ranging from around 3
GeV to 3 TeV. The designed momentum resolution of the standalone measurement
is 3% at 100 GeV and 10% at 1 TeV. (3) A set of triggering chambers with good
time-resolution. The extent of the muon spectrometer starts at a radius of 4.25
m close to the calorimeters out to 11m which is the full radius of the detector.

Figure 2.11 shows the cut-away view of the muon spectrometer.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

End-cap toroid
Monitored drift tubes (MDT)

Fig. 2.11: Cut-away view of the ATLAS Muon-system.

Figure 2.12 shows the schematic view of a quarter-section indicating the lay-
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out of each component. There are roughly one million readout channels included.

The total area of its layers is around 12,000 m?.
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Fig. 2.12: Cross-section view of the whole muon system in a plane containing the
beam axis.

2.2.5.1 Monitored Drift Tubes (MDT)

The precision tracking chambers providing the momentum measurement are
mainly MDTs. In the region |n| < 2.7 except the innermost end-cap layer where
MDTs cover || < 2.0, three to eight layers of 1 m to 6 m long aluminum drift tubes,
with a diameter of 29.970 mm, are filled with Ar/CO; gas at 3 bar with tungsten-
rhenium anode. The |n| < 2.0 region contains three layers of MDTs installed at
radii around 5 m, 7.5 m and 10 m. In the end-cap region 2.0 < |n| < 2.7, MDTs
are mounted on two large wheels perpendicular to the beam axis, with |z| equal
to 14 m and 21.5 m, respectively. The chamber size increases in proportion of the
distance from the IP, which achieves an average resolution of 35 um per chamber,

and 80 pum per tube.

2.2.5.2 Cathode Strip Chambers (CSC)

Cathode Strip Chambers (CSC) is another component of the precision track-
ing system. They are trapezium-shaped multiwire propotional chambers, with two
cathode strips segmented into strips in orthogonal directions per plane, which offer
higher rate capability and good time resolution to be suitable to be distributed in

the region nearing the beam axis. CSCs are used in the innermost tracking layer
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in the region 2 < |n| < 2.7, |z| = 7.4 m. The resolution of a chamber is about
5 pm in the transverse plane and 40 pum in the bending plane due to a coarser

cathode segmentation.

2.2.5.3 Resistive Plate Chambers (RPC)

RPCs are gaseous parallel electrode-place detectors without wires yielding
good time and spatial resolution as well as good rate capability. They are used
as trigger detectors in the barrel (|n| < 1.05) and consist of three concentric
cylindrical layers (trigger stations) around the beam axis. Each station consists of
two independent detector layers measuring transverse coordinates 7 and ¢. Two
out of three are placed below and above the middle MDT layer, another is outside

the precision tracking system.

2.2.5.4 Thin Gap Chamber (TGC)

TGCs are also multi-wire proportional chambers with good time resolution
and high rate capability. Each TGC trigger station contains nine layers, dis-
tributed in the end-cap region (1.05 < |n| < 2.4). There is one station located
in front of the innermost tracking layer, one in front of the middle MDT wheel.
The other two are behind the middle MDT wheel. Besides trigger, TGCs can also
determine the second, azimuthal coordinate to complement the measurement of
the MDTs in the bending (radial) direction.

2.2.6 Trigger system

In the LHC Run 2, with the collision energy increasing to 13 TeV, higher
luminosity and higher pile-up level lead to an increase of the rate. Comparing to
the Run 1, trigger rate increases by a factor up to 5. An upgrade two-level trigger
system [22] was used during the /s = 13 TeV data-taking period. The schematic
plot of the ATLAS Trigger and DAQ system in Run 2 is shown in Figure 2.13.
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Fig. 2.13: Schematic of the ATLAS Trigger and Data Acquisition system in Run 2.
The components of the L1 Trigger system are shown in detail.

Dedicated hardware implements the first-level (L1) trigger selection, with
only a subset of the detector information used and the event rate is reduced to
at most 100 kHz. Events meeting the L1 requirements are then processed by a
high-level trigger executing algorithms on a computer farm. The algorithms are
similar to those in the offline reconstruction software, which can to reduce the

event rate to approximately 1 kHz. Figure 2.14 illustrates the expected peak rates

and bandwidths through each component.
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Fig. 2.14: Functional diagram of the ATLAS Trigger and Data Acquisition system
in Run 2 showing expected peak rates and bandwidths through each component.

2.2.6.1 Level-1 Trigger (L1)

Upgrades of the ATLAS Level-1 trigger hardware and the detector readout
have been implemented for Run 2 data taking. The maximum Level-1 trigger rate
is allowed to raise to 100 kHz in Run 2, which is significantly higher than Run 1
(70 kHz).

The reduced granularity information from both the electromagnetic and hadronic
calorimeters are used by the Level-1 calorimeter trigger to identify an Region-
of-Interest (Rol). With the different algorithm and predefined transverse energy
threshold, photons, electrons, taus and jets, as well as total and missing trans-
verse energy (EM®) are searched. In Run 2, the Level-1 Calorimeter trigger has
upgraded its new Multi-Chip Modules (nMCM) to field-programmable gate ar-
ray (FPGA) technology from the previous application-specific integrated circuits
(ASICs) used in Run 1. It allows to flexibly use a new bunch-by-bunch dynamic
pedestal correction and auto-correlation filters to suppress pile-up effects.

The Level-1 fast muon trigger signal is provided by the Level-1 Muon trigger
system, which consists of a barrel RPC section and two TGC endcap sections, as
described before in Section 2.2.5. The Run 2 upgrades were applied to the Level-1

Muon trigger based on the experience of Run 1 data taking. To suppress most of

42



the fake muon triggers caused by particles not originated from IP, a coincidence
with hits from the innermost muon chambers is required by the muon endcap
trigger (1.05 < |n| < 2.4). The L1 MU15 rate is reduced by approximately 50%
in the 1.3 < |n| < 1.9 region that corresponds a very small signal efficiency loss
of only 2%. Similarly, in 1.05 < |n| < 1.3 region, a coincidence logic is applied
using the outermost layer of the hadronic Tile Calorimeter in order to reject the

background particles.

2.2.6.2 High-level Trigger (HLT)

The Rol information from the L1 is transferred to the HLT, used for regional
reconstruction in the trigger algorithms. Events accepted by the HLT are then
processed with the offline reconstruction.

In Run 1 the ATLAS trigger system had separate Level-2 (L2) and Event
Filter (EF) computer clusters. For Run 2, the L2 and EF have been merged into
a single event processing HLT farm, which allows for dynamic resource sharing
between algorithms and reduces the complexity for both hardware and software.

To minimize differences between the HLT and the offline analysis selections,
most of the trigger reconstruction algorithms are re-optimized, which gives a sig-
nificant performance improvement in some cases. For instance, the inefficiencies
are reduced by more than a factor two in the hadronic tau triggers. Some triggers
are augmented to also allow aggregation of the Rols into a single object To reduce
the computing resources usage of events with a large multiplicity of partially over-
lapping Rols. Comparing to the LHC Run 1, the average output rate of the HLT
has been increased from 400 Hz to 1000 Hz.
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CHAPTER 3

Simulation and event reconstruction

During proton—proton collisions at the LHC Run 2, beam bunches crossed
every 25 ns and produced on average around 34 collisions per bunch crossing. The
ATLAS detector is designed to keep the most interesting interactions for physics
analyses, resulting in stringent challenges to the event reconstruction. To study
the detector response for many different physics processes and scenarios, Monte
Carlo event simulation is one of the essential tool bridging the gap between the
complex detector signatures and observed data.

In the ATLAS experiment, a simulation system [23] has been implemented
into the ATLAS software framework called Athena [24], which carries events from
the event generation to output in a format which is identical to that of data. The
Geant4 simulation toolkit [25, 26] is also integrated in the work flow. Figure 3.1
shows the flow of the ATLAS simulation and reconstruction software. The detailed
event simulation and reconstruction will be discussed further in the following sec-

tions.
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Fig. 3.1: Flowchart of the ATLAS simulation software, from event generators
through reconstruction.
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3.1 Event simulation

The ATLAS event simulation chain is generally divided into three steps: gen-
eration of the event and immediate decays, simulation of the detector response,
and digitization of the energy deposited in the different regions of the detector
into currents and voltages to emulate the readout of the ATLAS detector. Either
the format identical to the ATLAS data acquisition system (DAQ) output, or an
object-based format can be used to store the simulation chain results. Thus, both
the real data and simulation from the detector can then be processed through the

same ATLAS trigger and reconstruction packages.
3.1.1 Monte-Carlo generation

Monte Carlo generators provide fully exclusive simulations of high-energy
collisions. Generators are run within Athena framework and the generated event
output is put into a transient store, in HepMC format. The generated particles
with a short lifetime are decayed within the generation process without considering
the interactions with the detector. The “stable” particles with a long lifetime
(et > 10 mm) are stored and expected to propagate through a part of the detector.
Dedicated filters can be applied on events during the generation process targeting

a certain property (e.g. semi-leptonic or dilepton decay modes for ¢t events ).
3.1.2 Simulation

Geant4 [25, 26] is the standard particle simulation toolkit of ATLAS, which
provides physic models and infrastructure for particle transportation through a
geometry constructed in its own format. Events generated in the last step are
propagated through the ATLAS detector geometry by Geant4. Cuts and trans-
formations can then be made to the event such as smearing the vertex position,
defining the 7 — ¢ range which primary particles passed though to be simulated.
The output of this step is stored in HITs format, containing some metadata de-
scribing the configuration of the simulation during the run, a collection of hits
for each subdetector and all truth information requested. To achieve the required
simulated statistics for many physics studies, different fast simulation programs
have been developed to simplify the Geant4 simulation by using pre-simulated
showers stored in memory to replace low energy electromagnetic particles from
the calorimeter, such as ATLFAST-I and ATLFAST-II.
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3.1.3 Digitization

The HITs file produced in the last step can then be converted into detector
response “digits” by the ATLAS digitization software. A digit is produced when
the current or voltage on a particular readout channel rises above a pre-defined
threshold within a particular time window. The peculiarities of each subdetectors
are modelled in digitization step, as well as many inelastic, non-diffractive proton-
proton interactions, beam halo and beam gas interactions. The digits are mainly
written out as Raw Data Objects (RDOs) format, and can also save as Simulated

Data Objects (SDOs) to determining tracking efficiency and fake track rates.

3.2 Event reconstruction

Figure 3.2 shows the data flow in the ATLAS experiment. The data from the
detector filtered by the Trigger system are sent to the Tier-0 computer center for
initial processing by the offline reconstruction software. A small amount of data
called “express stream” is sent to to be processed in quasi real time for running
the complete reconstruction and monitoring chain. Data quality is monitored
online at the trigger level as well as offline during reconstruction. Dedicated data
streams are written out at the trigger level to allow for detector alignment and
calibration. The calibration centers perform a first alignment and calibration
within 24 hours after data taking. The obtained calibration constants are used
for the bulk processing of the data. At the end of the reconstruction chain the
data are distributed to the Tier-1 and Tier-2 centers which are used for analysis
and production of simulated data. The following sub-sections will describe the
reconstruction algorithms of the physics objects, such as vertices, tracks, photons,

electrons, muons, jets and Emss.
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Fig. 3.2: Flowchart of the ATLAS data.

3.2.1 Photons

In the the H — ~v analysis (Chapter 4), all events in are preselected by
requiring at least two photon candidates. The photon reconstruction, calibra-
tion, identification and isolation in the ATLAS experiment are discussed in this

subsection.

3.2.1.1 Photon reconstruction and calibration

The energy deposits (clusters) in the EM calorimeters, with a size of A¢ x
An =0.125%0.075 and with the total transverse energy Er at least 2.5 GeV [27] are
used as seeds for the photon reconstruction in the ATLAS detector by a sliding-
window algorithm. To distinguish photons and electrons, and also to classify
unconverted and converted photons, a reconstruction algorithm is developed by
looking at possible matches between energy deposits and tracks reconstructed in
the inner detector and extrapolated to the calorimeter. If a conversion vertex is
reconstructed and the matched track(s) is consistent with originating from a pho-
ton conversion process, the corresponding candidates are considered as converted
photons. Converted photons are classified as single-track or double-track conver-
sions depending on the number of assigned tracks. Clusters without matching
tracks are classified as unconverted photon candidates.

An electromagnetic cluster belonging to the converted and unconverted pho-
tons is used to measure the energy of candidates. The cluster is with a size of
A¢p x An = 0.175x0.075 in the barrel region, and A¢ x An = 0.125x0.125 in
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endcaps.

A combination of data-driven and simulation-based correction factors [28]
are used to correct the cluster electromagnetic energy for energy losses in the
inactive material in front of the calorimeter. The converted and unconverted
photon candidates are applied with different correction factors.

Figure 3.3 shows the energy resolution og,,,/0g,., estimated from the in-

terquartile range of E.qp/Eygen as a function of || for converted and unconverted

photons.
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Fig. 3.3: Energy resolution og,,,,,/0g,., estimated from the interquartile range of
Ecativ/ Egen as a function of |n)|.

3.2.1.2 Photon identification and isolation

To reduce the background contamination primarily the photon pairs decayed
from neutral hadrons in jets, a set of identification criteria are applied to photon
candidates, based on the longitudinal and lateral electromagnetic shower shape in
the calorimeter [29]. To fulfill the identification requirement, only a small fraction
of energy of photon candidates deposits in the hadronic calorimeter, and the lateral
shower shape should be consistent with that expected from a single electromag-
netic shower. Prompt photons typically produce narrower energy profiles in the
EM calorimeter and have smaller leakages to the hadronic calorimeter compared
with background jets. Two reference selections are used: a loose criterion, based
on information only from the second layer of the EM calorimeter and the hadronic
calorimeter, primarily used for purposes such as triggering and preselections, and
a tight criterion, with additional information from the fine segmentation of the
first layer of the EM calorimeter. The tight selection requirements are specially

tuned for converted and unconverted photon candidates.
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To take into account the small differences between data and simulation, cor-
rections are applied to the electromagnetic shower shape variables of simulated
photons. Correction factors as a function of conversion type, n and Er are calcu-
lated to correct for the residual mismatch between the efficiency measured in the
data and in the simulation. Figure 3.4 shows the comparison of the data-driven
measurements of the identification efficiency for photons as a function of Er in

the central region.
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Fig. 3.4: Comparison of the data-driven measurements of the identification effi-
ciency for photons as a function of Er, for the pseudorapidity interval |n| < 0.6.

To reject the hadronic jet background contamination, isolation requirements
are applied on photon candidates, using the information from the tracking detector
and calorimeters. Two complementary isolation variables can be used based on
calorimeter and track information, respectively.

The calorimeter isolation is computed by summing up the transverse ener-
gies of positive-energy topological clusters [30] within a cone of AR = 0.2 in the
calorimeter centered around the photon candidate. Candidates with a calorime-
ter isolation larger than 6.5% of the photon transverse energy are rejected. To
improve the efficiency of the isolation selection for events with high pileup, the
track isolation is used based on the scalar sum of the transverse momenta of all
tracks in a cone of AR = 0.2 with pt > 1 GeV. For converted photon candi-
dates, the conversion-associated tracks are removed. Photon candidates with a
track isolation larger than 5% of the transverse energy are rejected. The track
isolation efficiency from the inclusive sample in the central region can be found in
Figure 3.5
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Fig. 3.5: Track isolation efficiency for prompt (blue), fake (red) and all (black)
unconverted photons in the region |n| < 0.6.

3.2.2 Electrons

The reconstruction and the calibration of electrons are similar to photons.
A sliding-window algorithm with a size of A¢ x Anp = 0.125x0.075 is used [31].
The cluster energy is calibrated using a dedicated set of calibration coefficients
optimized for electrons then. The reconstructed tracks and interaction vertices in
the ID can be matched to an energy deposit are used to find electron candidates,
which should be associated with one ID track originating from a vertex in the
beam interaction region.

Similarly to photons, the longitudinal and transverse shower profile of clus-
ters, as well as track properties are used in the identification by building up likeli-
hood criteria. In Run 2, the signal acceptance efficiencies for electron candidates
with transverse energy 25 GeV are in the range from 78% to 90% and increase as a
function of Ep. Finally, the electron candidates must satisfy both the calorimeter

and track-based isolation.

3.2.3 Muons

Based on the track information collected from the ID and the MS, as well as
the cluster information measured from the calorimeters, different reconstruction
algorithms are used to build muon candidates [32]. Tracks reconstructed separately
by the ID and the MS are combined by the main algorithm “Combined Muon”. To
extend the acceptance region beyond the ID coverage limit to include 2.5 < |n| <
2.7, Extrapolated (ME) muons are reconstructed only based on the MS tracks.
What’s more. Segment-tagged (ST) muons are reconstructed with an ID track
associating with at least one local segment in the MS, to increase the acceptance

for muon candidates with low pr or falling-into un-instrumented region in the MS.
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Calorimeter-tagged (CT) muons are also developed which combine the ID track
and energy deposits, which is optimal to central muons with pt between 15 to 100
GeV. Muons from each algorithm are required to have pr > 10 GeVand |n| < 2.7.
The muon reconstruction efficiency is around 99% for the full acceptance region.

Variables such as the number of hits in the ID and the MS, the pr difference
between the ID and the MS measurements are used to build up muon ID cut
to reject background mainly from the light hadron decays. To suppress non-
prompt muons, isolation selections are adopted based on track and calorimeter

information.
3.2.4 T-leptons

Leptonic decayed 7-leptons are indistinguishable from prompt electrons and
muons, which takes around 35% of the 7 decay branching ratio. The remain-
ing 65% hadronically decayed 7-leptons are reconstructed using the ID and the
calorimeter information combined in a multivariate discriminant [33]. Quantities
describing the shower shape in the calorimeters are used to distinguish between
hadronically decaying 7-leptons and jets initiated by quarks or gluons. Electron
fakes is rejected by imposing a veto based on the emission of transition radia-
tion and by the measured shower shape in the calorimeter. A BDT-based 7-
identification working points are also developed. The resulting identification effi-
ciency at the tight WP stays stable for the whole pr range, at 45% and 60% for

3-prong and 1-prong 7-leptons, respectively.
3.2.5 Jets

Jets are narrow cones composed of collinearly showers of hadrons, and are
prominent features observed in the high energy hadronic colliders. The reconstruc-

tion, calibration and jet tagging technique are briefly introduced in this section.

3.2.5.1 Jet reconstruction

ATLAS primarily uses topo-clusters as the inputs to jet reconstruction, where
topo-clusters are topologically-grouped noise-suppressed clusters of calorimeter
cells. Jets are reconstructed using anti-k; algorithm [34] with radius parameter
R = 0.4 typically called small-R jets for representing quarks and gluons, and with
R = 1.0 for large-R jets representing hadronically decaying massive particles.
Overlapped jets within AR = 0.2 of an isolated electron or within AR = 0.4 of

an isolated photon are discarded.
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3.2.5.2 Jet energy scale calibration

Fig. 3.6 shows an overview of the calibration chain for the jet calibration
procedure consists of many steps [35]. Remove the contribution from pile-up
sources is the first step before calibrating, includes correcting the jet axis to point
to the hard-scatter vertex of interest (origin correction) and removing the excess
energy caused by in-time and out-of-time pile-up. The next step is using MC
simulation by comparing reconstructed jets to jets built from simulated particles
referred as truth jets to obtain the jet energy scale (JES) calibration factor, as there
is a large fraction of the energy in a hadronic shower is invisible to the detector.
Finally, an tnsitu calibration can correct for the data vs MC differences by using

the well-understood central jets and other objects like muons and electrons to

provide correction factors.

. - : et area-based pile- Residual pile-u
EM-scale jets Origin correction J o 5 p. P
up correction correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npv.

Residual in situ
calibration

Absolute MC-based
calibration

Global sequential
calibration

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

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

Fig. 3.6: Calibration stages for EM-scale jets. Each stage of the calibration is
applied to the four-momentum of the jet other than the origin correction.

3.2.5.3 Jet flavor tagging

The jet substructure is useful in identifying the origin of the jet, and par-
ticularly to separate heavy hadronic particles like b-jets from QCD dijet/multijet
production.

To identify jets containing a b-hadron, three b-tagging algorithms consists the
impact parameter based algorithm, secondary vertex finding algorithm and decay
chain multi-vertex algorithm are combined together in a multivariate discriminant
(MV?2), which is adopted as the ATLAS default b-tagging algorithm. Four different
working points with efficiencies for identifying b-jets of 60%, 70%, 77% and 85%
are used in analysis.

Besides, jet substructure variables are used to build Booster Decision Trees
(BDTs) and Deep Neural Networks (DNNs) for W-tagging, with a fixed 50% signal
efficiency working point, and top-tagger uses a fixed 80% signal efficiency working
point. There is also a quark vs gluon tagger mainly uses a Convolutional Neural

Network based on jet image representing the track multiplicity and jet width.
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3.2.6 Missing transverse energy

The EX is an important signature for many physics processes where neu-
trinos are involved in the final states. It is an event quantity calculated based on

momentum conservation in the transverse plane [36]:

E’rI‘nisS — \/(E';m'ss)Q + (E'Lniss>2
miss\ __ jets e Yy T " ST
ENY) = =By + By + Ex) + Bl + Egy + EXy)

where /" Ee B . ET . E"

() () “a(y) Ta(y) Ta(y)
menta of all jets, electrons, photons, taus and muons in the event, respectively.

are the sum of x(y)-component of the mo-

The EX's* Soft Term ,Efé;) is the sum of z(y)-component of the momenta of all
topo-clusters and tracks not associated to the above physics objects. Several al-
gorithms used to reconstruct the E¥S soft term using energy deposits or tracks.
The default algorithm uses the soft term relied on tracks called Track Soft Term
(TST), which is robust against varying pile-up condition, but misses the contribu-
tion from neutral particles. The alternative Calorimeter-based Soft Term (CST)
contains underlying event activity and soft radiation from the hard event.
Besides B a likelihood-based missing transverse momentum significance
is evaluated by using simulated samples, to separate events in which the recon-
structed ER originates from wekly interacting particles, from those in which
EXss s consistent with contributions coming from particle measurement, resolu-

tion and inefficiencies.

3.2.7 Others

Besides the major physics objects described in the above subsections, other
important facts corresponding to the physics analysis in this thesis are summarized
here.

The ID tracks consists of two methods to be reconstructed [37]. The first
inside-out approach makes use of the high granularity of the SCT and pixel to
get prompt tracks from the IP. By combining space points object in the first SCT
layer and the pixel layers, track seeds are formed and then extended to form track
candidates. Another outside-in approach starts from searching segments in the
TRT and extends inwards to add pixel hits.

The primary vertex (PV) is reconstructed with tracks passing a bunch of
selection such as pr, |n|, number of silicon hits cut. One vertex is defined from
fitting all pre-selected tracks [38]. If there are tracks incompatible to be associated

with the vertex, a new vertex candidate is seeded by applying the same algorithm
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to those tracks. This process won’t stop until all available tracks are associated.
Then all the vertices with at least two associated tracks are treated as the PV
candidates. Generally, the PV with the largest value of > p% is used in physics
analysis.

The selection of the correct diphoton production vertex is important for the
measurement of m.,. Diphoton primary vertex used in analysis is selected by
using a neural-network algorithm based on primary vertex and track information
among all reconstructed vertices. The direction information of the two photons
measured in the inner detector and calorimeters are also used [1]. For simulated
gluon—gluon fusion events, the efficiency of selecting a diphoton vertex within
0.3 mm of the true H — ~v production vertex is 79% by using this neural-
network algorithm. This fraction ranges from 84% to 97% for the other Higgs
production modes, increasing with the presence of charged leptons or jet activities.
Z — ete” events in data and simulation are used to validate the performance of
the diphoton primary vertex neural-network algorithm, by treating the electron
candidates as photon candidates, with the tracks associated with them ignored.
Sufficient agreement between the data and the simulation is found. The direction
of the photon candidates are redefined by the diphoton primary vertex, giving

an improved diphoton invariant mass resolution. The invariant mass of the two

photons is given by m., = /2FE1Fy (1 — cos), where E; and Es refer to the
energies of the leading/subleading photons and « is the opening angle of the two

photons with respect to the diphoton production vertex selected.
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CHAPTER 4

Measurement of H — 7y cross section and

couplings

4.1 Introduction

The Higgs boson decay into two photons (H — v7) is an important channel to
study the properties of the Higgs boson and to probe the Standard Model. Thanks
to the high efficiency of photon reconstruction and identification (Section 3.2.1),
although the branching ratio, (2.27 4 0.07) x 1073 for m;, = 125.09 GeV [3] is
small, a reasonably large signal yields can be obtained. Due to the excellent
photon energy resolution of the ATLAS calorimeter, the signal appears as a narrow
peak on a falling background in the diphoton invariant mass (m.,) spectrum.
Thus the Higgs boson signal can be extracted using an appropriate fit to the
whole spectrum. All the measurements are performed under the assumption that
the Higgs boson mass is 125.09 GeV corresponding to the central value of the
combination of ATLAS and CMS measurements in Run 1 [39], and are compared
to Standard Model predictions.

This chapter is structured as follows: Section 4.2 introduces the major back-
ground processes in diphoton final state at the LHC and Section 4.3 describes
the data and simulation samples. An overview of the event selection and cat-
egorization is given in Section 4.4. The data-MC comparison in reconstructed
categories are shown in Section 4.5. Section 4.6 provides explanation of the signal
and background modeling used in the measurement and Section 4.7 provides a
short description of the statistical procedures. The details of the sources of sys-
tematic uncertainties are summarized in Section 4.8. Section 4.9 presents results
including the measurements of the total Higgs boson production-mode cross sec-
tions and “signal strengths”, cross sections of the main production modes of the
Higgs boson, and the cross sections using the SM production modes as “templates”

in simplified regions. Finally, Section 4.10 gives the conclusion.
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In this chapter, cross sections times branching ratio of the Higgs to two pho-
tons B(H — 77) are measured for inclusive Higgs boson production, as well as for
the main production modes of the Higgs boson (Section 1.2), including gluon—gluon
fusion (ggF'), vector-boson fusion (VBF), Higgs boson production in association
with a vector boson (V H), and production of a Higgs boson in association with a
top—antitop quark pair (t¢H) or a single top quark (tHgq and tHW).

In order to maximize the sensitivity to different production modes and the
different regions of the simplified template cross sections (Section 1.3), multiple
categories are developed based on the reconstructed event properties, each of which
is particularly sensitive to a specific process or event topology.

The signal strength p, defined as the ratio of an observed yield to its SM
expectation (Equation 4.1), is reported inclusively as well as for the different
production processes ;. It is thus a hint of potential deviations from the SM. For
a specific production mode 7 and decay final state f, the signal yield is expressed in
terms of a single modifier 11, as the production cross section ¢; and the branching
fraction By cannot be separately measured without further assumptions. The SM
expectation by definition is p;y = 1.

g; Bf

Hif oSM BEJ”M (4.1)

i
To disentangle the production mode from decay, ratios of the different production-

mode cross sections with respect to gluon-gluon fusion are also reported. Finaly,

to probe the Higgs boson couplings to the different particles at tree-level, coupling-

strength modifiers (Section 1.4), which are scale factors related to the amplitude

of Higgs boson couplings to various particles, are also reported.

4.2  Background processes in diphoton final state at the LHC

At the Large Hadron Collider, the cross section of pp — H — 77 is much
smaller than the one of continuum background processes. These mainly arise from
prompt v production, single-photon production with an additional jet in the
event misidentified as a photon, and di-jet production with two jets misidentified
as photons. The distribution of m. is used as the final discriminant variable in
order to separate the Higgs boson events from the background.

Two prompt photons from the Standard Model processes in Figure 4.1 are
considered “irreducible background” in the diphoton analysis. It is the largest con-
tribution to the background, taking around 79% of the inclusive diphoton events

after the selection.
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Fig. 4.1: Feynman diagrams at leading-order of non-resonant Standard Model
diphoton production via (a) ¢ — v, (b)gg — 77, and (c¢) Bremsstrahlung

99 — Y-

The single-photon production where an additional jet (7yj) in the event is
misidentified as a photon is the second largest contribution to the background
processes, which is shown in Figure 4.2. The di-jet (jj) process can contributes
up to a few percent depending on the event and object selection criteria. Drell-
Yan events where both electrons are misidentified as photons also contribute a
small fraction (< 1 %) to the total background. After applying the photon quality
requirement (Section 3.2.1), around 21% of the inclusive diphoton events are from

those processes with a photon, which is considered as the “reducible background”.

=Y
o
<
2

(a) (b) ()

Fig. 4.2: Feynman diagrams at leading-order of non-resonant Standard Model v+
production via (a) ¢§ — vj, (b)gg — 77, and (¢) gg — vJ.

The data-driven background method is widely used in diphoton analysis, by
which background is estimated from parameterizing the data sideband and then
interpolating into the signal region, but not directly use theoretical predictions
of background processes. The theoretical knowledge is used to validate the data-

driven background estimation, which will be discussed later in Section 4.6.

4.3 Data and Monte Carlo samples

The dataset used in this analysis corresponds to an integrated luminosity of
36.1 fb~! with a common uncertainty of 3.2%. 3.2 fb~! were taken in 2015 and
32.9 fb~! were collected in 2016.
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The simulated signal sample used in this analysis is summarized in Table 4.1.

Process Generator Showering PDF set o [pb] Order of calculation of o
V5 =13 TeV

ggH Powheg NNLOPS  Pythia8 PDF4LHC15 48.52 N3LO(QCD)+NLO(EW)
qq¢ — q¢H Powheg-Box Pythia8  PDF4LHC15 3.78 NNLO(QCD)+NLO(EW)
WH Powheg-Box Pythia8  PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)
qqZH Powheg-Box Pythia8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
g9ZH Powheg-Box Pythia8  PDF4LHC15 0.12 NLO+NLL(QCD)
4G/gg — tiH MG5 aMCGNLO ~ Pythia8  NNPDF3.0 0.51 NLO(QCD)+NLO(EW)
boH MG5 aMC@NLO  Pythia8 CT10 0.49 5FS(NNLO)+4FS(NLO)
t-channel t H MG5_aMC@NLO  Pythia8 CT10 0.07 4FS(LO)
W-associated tH MG5_aMCQNLO Herwig++ CT10 0.02 5FS(NLO)

Table. 4.1: Summary of the event generators and PDF sets used to model
the signal processes. The SM cross sections o at /s =13 TeV correspond to
myp, = 125.09 GeV. The perturbation orders of each calculation is also given.

Signal samples are produced at a mass of m;, = 125 GeV, I'y = 4.07 MeV [2],
and a shift of 0.09 GeV is applied on the mean parameter of the signal shape
function. Samples are normalized by the latest available theoretical calculations
of the corresponding SM production cross sections [3]. The normalization of all
Higgs boson samples also accounts for the H — ~+ branching ratio of 0.227%
calculated with PROPHECY4F [40, 41, 42] and HDECAY [43, 44].

The ggF events are generated at next-to-next-to-leading-order (NNLO) ac-
curacy in QCD using the Powheg NNLOPS program [45] passed to Pythia8 [46] to
provide parton showering, hadronization and underlying event, and with AZNLO [47]
tune. Next-to-leading order (NLO) EW corrections are also applied [48, 49]. NLO
electroweak corrections are also applied to the sample normalization [50, 51, 49,
52].

The VBF events are generated at NLO accuracy in QCD using the Powheg-
Box program [53, 54, 55, 56] with the PDF4LHC15 PDF set, interfaced with
Pythia8 normalized to a cross section calculated with full NLO QCD and EW
corrections [57, 58, 59] with an approximate NNLO QCD correction applied [57,
58, 60].

The associated production events from W H and ZH are fully generated at
NLO accuracy in QCD through gq/gg-initiated production and gg — ZH pro-
duction using Powheg-Box [61] with the PDFALHC15 PDF set. Pythia8 with
the AZNLO parameter set is used for parton showering, hadronization and the
underlying event. The ¢ — V H predictions are normalized to cross sections cal-
culated at NLO [62] and at NNLO [63] with NLO EW radiative corrections [64]
applied, and next-to-leading-logarithm accuracy is applied in QCD for gg —
ZH [63, 65, 66].

The associated production events from t¢H are generated at NLO accuracy in
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QCD using MG5_aMC@NLO [67] with the NNPDF3.0 PDF set [68], and show-
ered with Pythia8For the ¢t Hnormalization, full NLO QCD and NLO electroweak
corrections have been calculated [69, 70, 71, 72].

Other rare production contributions are considered. bbH is simulated using
MG5_aMC@NLO [73] interfaced to Pythia8 with the CT10 PDF set [74]. tHW
and tHq are generated at NLO accuracy by using MG5__aMC@NLO interfaced to
Herwig++ [75, 76, 77].

The irreducible vy and Vv backgrounds samples are simulated by producing
with two direct photons plus 0, 1, 2 or 3 jets. The samples are generated using
Sherpa event generator [78] with CT10 tuning, slicing by m.,. The fast simulation
is used to produce the very large vy background samples.

The generated events are processed through a Geant4 [25] simulation of the
ATLAS detector [23], and then treated similarly as data by using analysis software

for reconstruction.

4.4 Event selection and categorization

4.4.1 Event selection

With the primary photon objects reconstruction (Section 3.2.1), multiple se-
lections are applied to select events for analysis.

At first, events are preselected by applying the HLT ¢35 loose g25 loose
diphoton trigger (triggered by two clusters in the EM calorimeter. The transverse
energy should be above 35 GeV and 25 GeV for the leading and subleading cluster,
respectively), requiring the shape of the energy deposition loosely consistent with
that expected from an electromagnetic shower initiated by a photon [27] with |n| <
2.37 (excluding the crack region between the barrel and endcap calorimeters of
1.37 < |n| < 1.52). Only events in which all the sub-detectors are fully operational
are kept.

Then the diphoton candidate is constructed by two photon candidates with
the highest Fr, to define the diphoton primary vertex.

Following the identification of the diphoton primary vertex, the leading (sub-
leading) photons must fulfill the kinematics requirement: Er/m.., > 0.35 (0.25),
fulfill the tight identification criteria, meet the calorimeter and track isolation
requirements.

Then a mass window cut is applied, to select diphoton candidates with in-
variant mass m.., between 105 GeV and 160 GeV.

Events that satisfy the inclusive diphoton selection are then classified into 31

exclusive categories that are optimized for the production mode cross section and
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stage-1 simplified template cross section measurements.

The categories are defined using the expected properties of the different pro-
duction mechanisms. The definition of each category was optimized using sim-
ulated events. The rarest processes with a smaller cross section has priority in
the sequence of the classification. In order to reduce as much as possible the rate
of contamination among reconstructed categories, the ordering is chosen to give
preference to categories targeting the rarest Higgs production modes as shown in
Figure 4.3. Only events fail the prior category selections can be tested with the

next categorization selections.

di-photon selection
i

3, #™
tH + ttH - leptonic

]

6 : #, #b
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Di-lepton
Z(— I)H
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Fig. 4.3: Flow-chart of the event categorization, including 9 ttH and tH en-
riched categories (3 leptonic and 6 hadronic), 5 V H leptonic enriched categories,
3 BSM enriched and V H hadronic categories, 4 VBF enriched categories and 10
Untagged(ggF) categories, giving the order of selection of the different categories
and the targeted production process.

The signal significance (Equation 4.2) and the availability of data statistics are
both considered in developing categorizations. The selection criteria are described

in more detail following the same ordering in the following subsections.

7 = \/2(5+B)1n (1+%) —28 (4.2)

where S is the signal yields from simulated samples, and B is the background

yields, estimated either from simulation or data-driven backgrounds.
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4.4.2 ttH and tH enriched categories

Though still rare, the ttH production mode has a great advantage in Run 2
as the cross section increases by a factor of 3.9 with respect to the Run 1, nearly
double that of other Higgs productions. The ¢ttH production mode has a signature
dominated by the top quark pair; featuring many jets, b-jets, and up to two
charged leptons.

Nine categories are developed for selecting events produced in association
with a top quark through the ttH, tHq, and tHW production modes. Both the
hadronic and leptonic decaying top quarks are considered. Events are splitted
into hadronic categories, where top quarks in the event decay to hadrons via
t — Wb — qq¢'b; and leptonic categories, where at least one top quark decays to
a charged lepton via t — Wb — fvb. The SM tH production are probed by the
single top quark categories.

Three categories target the leptonic channel by requiring the presence of at
least one b-tagged jet with transverse momentum greater than 25 GeV and at least
one prompt lepton.

Six categories target the hadronic decay channel by selecting events with at
least three jets, of which at least one is b-tagged, and no prompt leptons. A
boosted decision tree (BDT) is trained to improve ttH signal signal significance.

Table 4.2 summarizes the selections in ttH and tH categories.

Category Selection

Leptonic

tHlep, Ofwd Nigp = 1, Nest < 3, N[O > 1, NI = 0 (p)" > 25 GeV)
tHlep, 1fwd Nip = 1, Néct < 4, N[O > 1, NJ3? > 1 (pf" > 25 GeV)
ttHlep Niep > 1, N > 2, NJO > 1, Zy veto (pf" > 25 GeV)
Hadronic

ttH had BDT1 | Ny = 0, Njers > 3, NJO, > 1, BDT > 0.92

ttH had BDT2 | Niep = 0, Njers > 3, N2 >1,0.83 < BDT < 0.92

ttH had BDT3 | Ny = 0, Njers > 3, NJO, > 1, 0.79 < BDT < 0.83

ttH had BDT4 | Ny = 0, Njers > 3, N7, > 1, 0.52 < BDT < 0.79

tH had 4j1b | Ny = 0, N5 = 4, N[O = 1, BDT < 0.52

tH had 4j2b | Ny, = 0, Ni&ft = 4, N7 > 2, BDT < 0.52

Table. 4.2: Event selections for the ttH and tH categories with events prioritized
in descending order. Events are separated into a leptonic and hadronic channels
based on the number of leptons in each event (Nj,).

The distributions of two of the discriminating variables are shown in Fig-
ure 4.4.
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Fig. 4.4: Normalized distributions for the expected signal, background and the
data in the control region of two kinematic variables used in the hadronic ttH
categories’ selections.

4.4.3 'V H non-hadronic categories

The V H non-hadronic categories probe W H and ZH production. It can be
separated into various decay modes: W (lv)H, characterised with the presence of a
single charged lepton and missing transverse energy (EX*); Z(Il)H, characterised
by the presence of two charged, same-flavor leptons whose invariant mass peaks at
the mass of the Z; and Z(vv)H, characterised by the absence of charged leptons

and presence of FRs,

4.4.3.1 VH dilepton category

The purpose of this category is to isolate the ZH production mode tagging
the Z — ee and Z — ppu decays.

From the formalism of STXS Stage 1, there are four signal processes rel-
evant to the VH dilepton category : ZH with pY. < 150 GeV, 150 < p¥ <
250 GeV with0j, 150 < p¥ < 250 GeV with 1j, and p¥% > 250 GeV. The other

contributions are considered as background processes:

S = N ZH truth signal

(4.3)
B = ngcep + Ny (y) + NHiggs background s

where nqcp refers to vy, vj and 75 QCD backgrounds.

The optimization of this category’s significance is done before the end of
2016 data-taking, by which a 35 b total integrated luminosity is expected in
the end of 2016, thus all MC samples are normalized to an integrated luminosity
of 35 fb™. This category requires at least two same-flavor, opposite-sign leptons

whose invariant mass is in the range 70 < my; < 110 GeV. The corresponding
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reconstructed my and pry (= pYy) distributions are shown in Figure 4.5. Each

truth process can be well separated using the pp; variable.
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Fig. 4.5: Kinematic variable distributions of the dilepton system among various
processes. Events are required to have at least two leptons.

To optimize on a sufficient number of events, data corresponding to 30.2 fb™*
(which is collected by the time developing this category) in the m.., sideband
that excludes the signal mass range [120-130] GeV is used to make the decision of
splitting STXS categories. The events passing the V' H dilepton selection are split
into two categories: pry <150 GeV and pr;>150 GeV. Due to the limited number
of data events in the sideband, there is no splitting by jet multiplicity, and the
bins with pr;>150 GeV are merged together. The cutflow table for this category
is presented in Table 4.3.

120 — 130 GeV background | pry <150 Z 150<pry <250, 0 Z 150<pry <250, 1.J Z pryv>250 zZ
all dilepton events 5.278 0.749 0.319 0.067 0.029 0.050 0.022 0.052 0.023
T0<my <110 GeV 1.654 0.701 0.512 0.063 0.049 0.045 0.035 0.043 0.033
pru<150 GeV 1.453 0.700 0.541 0.002 0.003 0.000
pru>150 GeV 0.201 0.001 0.061 0.129 0.043 0.092 0.043 0.092

Table. 4.3: Cutflow of the events in V H-dilepton categories.

After optimization there are roughly 5 events of data in the sideband (which
excludes the signal mass range [120-130] GeV) remaining in the pry<150 GeV
category and < 5 events left in the p7;>150 GeV category. Because it is not
practical to fit the shape and normalization with only a handful of data points,
the two dilepton categories are merged to form a single category with roughly 10

events in the data sideband.

4.4.3.2 'V H one-lepton category

The one-lepton category is defined by selecting events in the inclusive sample
that contain exactly one candidate electron or muon in order to select W H — (v~
events. This category provides a clean topology for separating the associated

production modes of W leptonic decays, but still contains ZH and ttH events.
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From the formalism of STXS in its stage 1, there are four signal processes
relevant to this V H one-lepton category (Table 4.16): W H with pY. < 150 GeV,
150 < p¥. < 250 GeV with 07, 150 < p¥. < 250 GeV with 15, and p¥ > 250 GeV.

The other contributions are considered background processes:

S = MW H signal (4 4)

B = ngcep + Nvy(y) + NHiggs background

where nqcp refers to 7, vj and jj. The optimization of this category is performed
by normalizing all MC samples to an integrated luminosity of 35 fb~'. The signal
significance used to optimize this category is defined by Equation 4.2.

This category requires one lepton satisfying the selection criteria. To reject
events with one fake photon and one electron coming from a Z boson, a me, in

(84, 94] GeV veto for any photon-electron pair is applied.

The distribution of the discriminant variable p5T™*7 is shown in Figure 4.6.
T
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Fig. 4.6: Distribution of pr of lepton + E¥5 among various processes. Events are
required to have exactly one lepton.

Since the targeting processes contain a neutrino in the final state, the ERss-
related variable BT significance should be taken into account to improve the
significance. This variable is defined as

. Emiss
B significance = ———— (4.5)

VY Er’
where Y Er is the scalar sum of the transverse energies of all objects. The E&ss
and Y Er are measured in GeV. The distribution of the F¥** significance and the
significance scan results are shown in Figure 4.7. It can help to improve the signal

significance to cut on ER significance > 1 in the py. < 150 GeV category.
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Fig. 4.7: (a) Distribution of F¥ significance (b) Significance scan at the different
cut value of E significance.

The cutflow of this category is shown in Table 4.4.

120 — 130 GeV background | pry <150 Z 150<pry<250,0J A 150<pry <250, 1.J Z pry>250 Z
1 lepton, pass me, veto 127.8 5.134 0.451 0.458 0.041 0.341 0.030 0.341 0.030

Table. 4.4: Cutflow of events in V H-lepton categories.

4.4.3.3 VH MET category

A Higgs produced in association with Z may produce significant missing
energy. The selected diphoton candidates that are not classified in the lepton
category may pass the MET category requirements, and it is dominated by the
events from ZH process.

From the formalism of STXS in its stage 1, there are four signal processes
relevant to this V H MET category (Table 4.16), which are Z H with p¥. < 150 GeV,
150 < p¥ < 250 GeV with 07, 150 < p¥. < 250 GeV with 15 and pY. > 250 GeV.

The other contributions are considered as background processes:

S = NZH signal

(4.6)

B = nQceo + Nvy(y) + NHiggs background

where nqcp refers to v, vj and jj. The signal significance of this category is
defined as Formula 4.2.

Each truth category can be reasonably well distinguished using reconstructed
Emiss (TST). The events passing the VH-MET categories are split into three
categories: EXS< 150 GeV, 150 < ERs < 250 GeV, and ER> 250 GeV.
Due to the limited number of data events in the sideband, there is no splitting
in jet multiplicity. The distribution of the E¥ discriminant variable and the

significance scan are shown in Figure 4.8. Thus, to maximize the significance, a
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Emiss> 80 GeV cut is applied to the category targeting py. < 150 GeV truth events.
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Fig. 4.8: (a) Distribution of ER for various processes. (b) significance scan to
determine the low-edge cut on EMss,

=

o

The significance is further improved using a cut on the EXsignificance de-
fined in Equation 4.5. Here, the EX*s significance is scanned to find the optimal
value. The distribution of this variable and the scan results are shown in Fig-
ure 4.9. The optimization is performed by normalizing all MC samples to an
integrated luminosity of 35 fb™!, which is the expected integrated luminosity in
the end of 2016 by the time developing this category.

It is important to note that E¥s* has complications in diphoton events due to
the primary vertex dependence. The current Run 2 E2 reconstruction strategy
used here is TST. However, when the hardest final state particles are photons
without tracks, the soft term is more likely to be reconstructed with respect to

the wrong vertex.
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Fig. 4.9: Distribution of E¥s significance in various processes. The events in this
figure are with EX5> 80 GeV cut.
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categories.

From the scan results and the statistic of data in sideband which exclude the
signal mass range [120-130] GeV, considering the implementation of the following
statistical procedure, EXs significance > 8 is applied to p¥. < 150 GeV truth bin,
and B significance > 9 is applied to 150 < py. < 250 GeV truth bin.

To keep an adequate number of events, data corresponding to 30.2 fb™* in
the sideband is used to make the decision of splitting the STXS categories. The
cutflow of the VH MET categories is in Table 4.5.

120 — 130 GeV background | pry <150 A 150<pry<250,0J Z 150<pry <250, 1.J Z | prv>250 Z
diphoton events remaining 66050 4.725 0.018 0.378 0.001 0.267 0.001 0.256 0.001
Emiss=250) GeV 2.315 0.000 0.012 0.008 0.195 0.127

Table. 4.5: Cutflow of events in VH MET categories.

There are roughly 20 data sideband events in the ER < 150 GeV category,
around 20 in the 150 < BT < 250 GeV category, and around 10 in the EMss >
250 GeV category. Due to issues with MC statistics and background modeling,
the 150 < EX5 < 250 GeV and EX > 250 GeV categories are merged into a

single category.
4.4.4 BSM enriched and V H hadronic categories

According to Simplified Template Cross Section, the V H process with a
hadronically decaying vector boson is considered to be part of what is called “VBF
production” | which is defined as electroweak qqH production. A “jet BSM” cate-
gory is defined to provide sensitivity to potential beyond SM contributions. Events
with a leading jet with transverse momentum greater than 200 GeVare selected

into this category.

69



Two V H hadronic categories target V H production with a hadronically de-
caying vector boson with at least two jets in events. A BDT classifies is built based
on several kinematic information. Two categories (“V H had loose” and “V H had
tight”) are defined by using the BDT response as a discriminating variable, with
an expected fraction of signal events due to VH production of 25% and 42%,
respectively.

Figure 4.11 shows the distributions of m;; and pJ, , which are used as two of

the discriminant variables in the BDT.
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Fig. 4.11: Normalized distributions for the expected signal, background and the
data in the control region of two kinematic variables used for the V H hadronic
categories’ selections.

4.4.5 VBF enriched categories

Vector boson fusion is the second-most prominent Higgs production process.
It has leading role in determining the Higgs coupling to gauge bosons. Four cate-
gories are developed to enhance the sensitivity to vector boson fusion production.
At least two hadronic jets are required, and the selections applied are based on
the two leading jets (j1, jo) in the event.

Firstly two regions are used to split events based on the value of the transverse
momentum pgjj of the vector sum of the momenta of the reconstructed Higgs
boson and of the two leading jets. Then a BDT based on different kinematic
variables is used to classify events in each region.

Four exclusive categories are defined with “loose” and “tight” requirements
on the BDT classifier in the two pgjj regions.

In the pffljj > 25 GeV region, the fraction of VBF events among all Higgs
boson events for “tight” category “loose” categories are expected to be 49% and

20%, respectively. In the pgjj < 25 GeV region, the same fraction number for
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“tight” and “loose” categories are expected to be 85% and 61%.
Figure 4.12 shows the distributions of two discriminant varibales |An;;| and
|A¢,;]- Both of the variables give a good separation power between VBF events

and events from non-VBF processes.
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Fig. 4.12: Normalized distributions for the expected signal, background and the
data in the control region of two kinematic variables used for the VBF categories’
selections.

4.4.6 Untagged categories

The remaining events (mainly from ggF production) are separated into events
with zero jet, exactly one-jet, or at least two jets. The zero-jet events are split
into a “ggF 0J Cen” category where both photons are with || < 0.95, and a
“ggF 0J Fwd” category where at least one photon with |n| > 0.95. The exclusive
one-jet ( “ggF 1J” ) and inclusive two-jet ( “ggF 2J” ) events are further split
into regions of diphoton transverse momentum: pl' € [0,60) (“Low”), [60,120)
(“Med”), [120,200) (“High”) or > 200 GeV(“BSM?”), the latter of which is partic-
ularly sensitive to the presence of BSM physics in the loop diagrams associated

with the gluon—gluon fusion production mode.
4.4.7 Categorization summary

Table 4.6 shows the selection requirements of each category. The predicted
signal efficiencies times acceptance and the event fractions per production mode
for each category are given in Table 4.7.

Figure 4.13 shows the fractions of the STXS truth signal events in each re-
constructed category.

Finally, the fractions of truth signal events from production mode, in each

category are shown in Figure 4.14.
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Category Selection
tH lep 0fwd Nigp = 1, NEB < 3, Ny_tag > 1, NI = 0 (p' > 25GeV)
tH lep 1fwd Nigp = 1, N2 < 4, Ny—ag > 1, NS > 1 (" > 25 GeV)
ttH lep Niep > 1, NE > 2, Ny_ag > 1, Zy veto (p" > 25GeV)

ttH had BDT1
ttH had BDT2
ttH had BDT3
ttH had BDT4

Nlep = 07 ]Vjets > 37 Nb—tag
Nlcp = 07 —]Vjcts > 3; Nb—tag
Nlep =0, ijets > 3, Nbftag
Nlep =0, ]Vjets > 3, Nbftag

1, BDT iy > 0.92
1,0.83 < BDTyy < 0.92
1,0.79 < BDTyy < 0.83
1,0.52 < BDTyp < 0.79

I IVIVIVIVIV IV IV

tH had 4j1b Nigp = 0, N&2 = 4, Ny—ag = 1 (P > 25GeV)
tH had 4j2b Niep = 0, NE& =4, Njy_yag > 2 (pf > 25GeV)
VH dilep Niep > 2, 710GeV < myp < 110GeV _
VH lep High Niep = 1, [y — 89GeV| > 5GeV, pi “T > 150 GeV ‘
VH lep Low Niep = 1, |me, 89GeV| > 5GeV, p?EgFSS <
150 GeV, ERss gignificance > 1
VH MET High 150 GeV < Emiss < 250 GeV, BT significance > 9 or ERiss > 250 GeV
VH MET Low 80 GeV < ERiss < 150 GeV, E¥'SS significance > 8
jet BSM P11 > 200 GeV

VH had tight
VH had loose

60 GeV < my; < 120 GeV, BDTyy > 0.78
60 GeV < mj; < 120GeV, 0.35 < BDTvyn < 0.78

|An;j| > 2, 14y — 0.5(n51 +mi2)| < 5, pp?? > 25GeV, BDTygr > 0.47
|An;;] > 2, 17y —0.5(n1+n52)] < 5, pa?? > 25GeV, —0.32 < BDTypr <
0.47

|Anjj| > 2, 10y — 0.5(n51 +mi2)| < 5, pi?? < 25GeV, BDTygr > 0.87
|An;5] > 2, 1y, — 0.5(11 4+ m52)| < 5, pi#? < 25GeV, 0.26 < BDTypr <

VBF tight, high pj’’
VBF loose, high p?“

VBF tight, low py’’
VBF loose, low p?”

0.87

gegH 2J BSM > 2 jets, pl' > 200 GeV

ggH 2J High > 2 jets, p € [120,200] GeV

ggH 2J Med > 2 jets, p1 € [60,120] GeV

ggH 2J Low > 2 jets, p1' € [0,60] GeV

ggH 1J BSM =1 jet, pJ" > 200 GeV

ggH 1J High =1 jet, pJ" € [120,200] GeV

ggH 1J Med =1 jet, pJ" € [60,120] GeV

ggH 1J Low =1 jet, p}" € [0,60] GeV

geH 0J Fwd = 0 jets, one photon with |n| > 0.95
ggH 0J Cen = 0 jets, two photons with |n| < 0.95

Table. 4.6: Shorthand label and event selection defining each of the 31 event re-
construction categories for the measurement of the signal strengths and simplified
template cross sections. The labels denote the predominant production process or
kinematic properties the category targets.
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€L

ggF VBF WH ZH ttH bbH tHq tHW All

Category R fI0] %] fI%] ] SIR] €[] fIR] e[l fI%] %] fI%] %] SIRL e[%] S Ny
ggH 0J Cen 89 973 1.2 1.1 14 04 19 04 il nil 82 09 il nil  nil nil  333.5
ggH 0J Fwd 155 970 24 12 30 05 37 04 i nil 147 09 02 nil 0.1 nil  579.5
ggH 1J Low 72 905 57 57 50 1.7 44 10 0.1 nil 91 11 05 nil 0.2 nil  289.9
ggH 1J Med 36 835 64 11.7 42 26 41 16 0.1 nil 1.9 04 06 nil 0.3 nil  156.2
ggH 1J High 07 760 19 175 11 34 14 27 01 01 03 03 02 nil 0.1 nil 315
ggH 1J BSM nil 724 01 169 01 6.0 02 42 =nil 03 il nil  nil 0.1 nil nil 2.2
ggH 2J Low 1.8 7.1 27 96 37 45 41 31 22 11 54 23 39 03 19 nil 81.1
ggH 2J Med 1.5 776 31 122 32 44 38 32 26 15 16 07 45 04 24 nil 72.4
ggH 2J High 06 7.8 13 128 14 49 19 40 14 20 01 01 22 04 16 0.1 29.2
ggH 2J BSM 02 7.2 03 103 04 49 06 46 06 30 01 02 08 06 13 02 7.6

VBF Hjj Low loose 0.2 323 45 667 01 03 01 03 il nil 01 02 03 01 il nil 19.4
VBF Hjj Low tight nil 129 42 867 nil 01 nil 0.1 nil nil  nil nil 03 0.1 il nil 13.8
VBF Hjj High loose 0.3 699 14 238 04 22 05 18 04 09 04 07 18 06 05 nil 16.5
VBF Hjj High tight 0.3 470 34 482 02 12 04 13 04 08 02 03 44 12 06 nil 20.2

VHhad loose 0.3 672 0.3 49 24 146 29 11.0 0.6 1.6 0.2 04 08 0.3 08 0.1 16.5
VHhad tight 0.2 524 0.1 34 30 238 35 180 0.6 1.9 nil 0.1 0.5 0.2 1.0 0.1 12.3
jet BSM 04 599 24 258 1.6 59 1.9 44 20 3.0 0.1 0.1 3.1 06 5.1 0.2 26.7
VHMET Low nil 119 =nil 04 01 234 06 632 nil 05 nil 03 nil 02 il nil 0.6
VHMET High nil 1.3 =nil 01 03 228 14 662 03 83 il nil 01 06 08 0.7 1.3
VHlep Low nil 114 nil 11 44 680 08 &1 13 85 02 09 1.8 16 22 04 6.4
VHlep High nil 0.2 nil nil 1.2 765 0.1 46 0.6 16.2 nil nil 0.3 12 16 1.3 1.5
VHdilep nil nil  nil nil  nil nil 14 958 0.1 4.0  nil nil  nil nil 0.1 0.2 0.9
tHhad 4j2b nil  23.8 nil 2.8 nil 16 01 135 0.6 39.0 0.1 82 12 105 0.3 0.6 0.6
tHhad 4j1b nil  35.4 nil 4.0 0.1 4.3 03 79 22 363 02 22 38 85 2.6 1.3 2.5
ttHhadBDT4 nil 7.0 nil 0.8 nil 14 0.2 4.5 48 794 nil 03 19 4.3 4.7 2.4 2.5
ttHhadBDT3 nil 35 nil 05 =nil 1.0 =nil 31 13 8.1 il 05 03 31 11 22 0.6
ttHhadBDT2 nil 36 =nil 03 =nil 08 =nil 1.6 38 893 =nil 02 06 18 34 24 1.8
ttHhadBDT1 nil 1.2 =nil 01 =nil 01 mnil 07 34 950 il 01 02 07 25 21 14
ttHlep nil nil nil nil nil 0.2 nil 0.1 56 96.0 nil 0.1 04 1.0 50 2.6 24
tHlep 1fwd nil 1.8 nil 02 nil 14 m=nil 09 21 794 il 02 26 135 23 26 1.1
tHlep Ofwd nil 4.1 nil 0.2 0.1 5.6 nil 28 1.9 757 nil 09 15 82 21 2.5 1.0
Total e [%] 41.8 - 413 - 376 - 405 - 391 - 4238 - 389 - 445 - 41.8
Events 1518.4 119.1 37.1 25.2 16.0 14.8 2.2 0.5 1733.2

Table. 4.7: Signal efficiencies times acceptance, €, and expected signal event fractions per production mode, f, in each category for
Vs =13 TeV and my, = 125.09 GeV. The penultimate row shows the total efficiency per production process summed over the categories.
Values labeled as “nil” correspond to efficiencies or fractions that are smaller than 0.05%. The total number of expected signal events,
Ng, in the last row corresponds to an integrated luminosity of 36.1 fb™'.
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Fig. 4.13: Purity of the stage-1 STXS truth region of signal events (listed in y axis
and Table 4.16) in each reconstructed category (listed in = axis and Table 4.6).
The ttH and tH, V H leptonic, V H hadronic and VBF enriched, and untagged
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most sensitive to.
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egory, in terms of the different production modes.
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4.5

Data-MC comparison

In order to validate categorization, data to MC comparison is performed in

all categories. 36.1 fb~! datal5 + datal6 are used. The input signal samples are

described in Table 4.1. The background samples are briefly listed here:

Sherpa 77y, ATLFAST-II fast-simulation (Section 3.1);
Sherpa Vv simulation samples;

Sherpa V'~ simulation samples, removing events overlaping with Vv sam-

ples;

Data-driven 7;j samples, reversing the ID requirement (not-tight) of 1 photon
in data.
The normalization of QCD is based on the 2015+2016 2x2D background

decomposition [79] for the couplings categories. The theoretical prediction is used

to normalize the rest of MC samples.

In addition to the genuine internal weights provided by the event genera-

tor, some extra corrections are applied to simulated events in order to improve

data/MC agreement. In particular, the following corrections are applied:

The MC samples are reweighted to match the pileup conditions of the
dataset. This is done based on the distribution of average numbers of inter-

actions per bunch crossing, (u).

The width of the beam spot along the beam axis, o, is slightly wider in the
MC samples than in data. A reweighting is therefore applied to match the

spread (and mean) of the beam spot observed in data.

Shifts are applied to the photon shower shape variables and to the photon
calorimeter isolation. Such shifts are determined as the average data-MC

difference in photon-enriched control samples.

Identification, reconstruction, and isolation efficiency scale factors for elec-
trons and muons, identification and isolation efficiency scale factors for pho-
tons, and jet selection efficiency scale factors determined from data control
samples are applied. Similarly, energy scale and resolution corrections for
all simulated objects are also taken into account.

A relatively good agreement can be found for most of the distributions, except

several categories for which lack of statistic.

4.5.1

Inclusive spectrum comparison

76



22000
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

Events

ATLAS

Internal

Vs=13 TeV, _[Ldt =36.11"

inclusive

—+— Data

B WH+ZH

[ ggF+VBF+ttH
vy

vy

v+

By

Data/MG
&

S

—_
—_
o

120

130

140 150 160

myy [GeV]

Fig. 4.15: Data/MC comparison of diphoton invariant mass spectrum.
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4.5.2  diphoton mass spectrum data/MC comparison in selected categories
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Fig. 4.25: Data/MC comparison of diphoton invariant mass spectrum for
VBF__HjjHIGH and (b) VBF__HjjHIGH category.
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4.6 Signal and background modeling

With an unbinned maximum-likelihood fit to the m.,, spectrum for each re-
construction category (Section 4.4), the Higgs boson signal can be extracted. The
signal model, based on MC simulation for the various production modes of the
Higgs boson, is developed for each category of the analysis, and the background
model parameters are floated in the fit to the m.,, spectra. The mass range
105 GeV< m.,, <160 GeV is chosen to allow a reliable determination of the back-
ground from the data, and to avoid large uncertainties from the choice of the
background parameterization. The modeling of signal and background shapes are

described in this section.

4.6.1 Signal model

Thanks to the excellent photon energy resolution, a narrow peak appears in
the m., spectrum coming from the Higgs boson signal.

For the shape, an analytic description of the signal shape in m.,, is necessary
in order to perform an unbinned maximum likelihood fit on the data. Several

functional forms have been considered in order to model the resonance shape:

e A Crystal Ball (Equation 4.7) plus Gaussian Probability Density Function
(PDF), with:

(z—pcp)?
exp (520 )
fes(z) = N wen ),
A(B—@_CLEB)) if[L’SMCB—OéO'CB

if z > HCB — OCB
(47)

lox

In equation 4.7, N is a normalization constant, A and B are determined
in such a way that the function is continuous and depend only on the four
CB parameters: pucp, ocp, @ and n. The shape parameters are common to
all processes (ggH, VBF, VH, ttH), and a global fit with all processes is

performed for each category.

« A double-sided Crystal Ball (Equation 4.8) PDF
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et/ if — Qo <t < Apign
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fDCB(m’y’y) = N X [ﬁ(}zlow_alow—t)
eféo‘%igh

1
L {m (Rhigh_ahigh+t):|

]”low lft < _Oélow

Thigh if ¢ > Qlhigh

(4.8)

In equation 4.8, t = (m., — pcn)/ocs, Riow = ZiZZ’ and Rpgn = ZZ—?Z For
these equations, N is a normalization parameter, ucp, represents the peak,
ocp is the width, ., and asgn are the positions of the transitions from
the Gaussian core and the exponential tails on the low and high mass sides,
and 1o, and ngg, are the exponents of the low and high-mass tails. The
shape parameters are common to all processes (ggH, VBF, VH, ttH), and
a global fit with all processes is performed for each category.

A comparison between double-sided Crystal Ball and Crystal Ball + Gaussian

signal shape is performed for all categories. Fit results are shown in Figure 4.28.
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Fig. 4.28: Comparison of unbin fit on the signal model between a Double-sided
Crystal Ball model (blue) and a Crystal Ball+Gaussian model (red) for recon-
structed categories.

From this comparison, the fit value of diphoton invariant mass is similar,
though, Double Side Crystal Ball functions perform better in most of reconstructed
categories, especially for tail regions.

By fitting to the simulated signal samples in each reconstructed category, the
parameters of the Double-sided Crystal function are defined. Figure 4.29 shows an
example of two representing categories, which are the central region of the detector
(defined by requiring |n| < 0.95 for both selected photons) with the most improved
resolution, and the forward region (defined by requiring one photon with |n| < 0.95
and one photon with 0.95 < |n| < 2.37) with the largest resolution number. The
effective signal mass resolution of the two categories, defined as half the width
containing 68% (90%) of the signal events, is 1.6 (2.7) GeV and 2.1 (3.8) GeV,
respectively.

Table 4.8 presents the resolution for the signal shape in each reconstructed

category.
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myp, = 125 GeV from all Higgs boson production processes.
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V/s=13 TeV

Category J68 [GQV] J90 [GGV]
ggH 0J Cen 1.61 2.73
ggH 0J Fwd 2.14 3.78
ggH 1J Low 1.91 3.38
ggH 1J Med 1.82 3.20
ggH 1J High 1.63 2.91
ggH 1J BSM 1.44 2.57
ggH 2J Low 1.92 3.42
ggH 2J Med 1.82 3.24
ggH 2J High 1.64 2.94
ggH 2J BSM 1.42 2.60
VBF Hjj Low loose 1.84 3.30
VBF Hjj Low tight 1.64 2.93
VBF Hjj High loose 1.80 3.18
VBF Hjj High tight 1.66 2.99
VHhad loose 1.71 3.11
VHhad tight 1.54 2.75
qqH BSM 1.42 2.59
VHMET Low 1.83 3.26
VHMET High 1.56 2.75
VHlep Low 1.78 3.28
VHlep High 1.52 2.75
VHdilep 1.74 3.03
ttHhad 4j2b 1.70 3.06
ttHhad 4j1b 1.66 2.96
tthHadBDT4 1.63 2.92
tthHadBDT3 1.62 2.92
tthHadBDT?2 1.59 2.89
tthHadBDT1 1.60 2.84
ttHlep 1.62 2.85
tHlep 1fwd 1.72 2.99
tHlep Ofwd 1.67 2.98
Inclusive Cen 1.87 3.32

Table. 4.8: Effective signal mass resolutions ogg and gy for /s = 13 TeV data
in each event category, where ogg (0gp) is defined as half of the smallest interval
expected to contain 68% (90%) of the signal events for a mass m;, = 125.09 GeV.
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4.6.2 Background composition and model

4.6.2.1 Background composition

The dominant background entering the invariant mass spectrum is from SM
continuum diphoton production. There are also significant backgrounds from
photon-jet production and dijet production, since energetic 7% from jet frag-
mentation can fake photons. Finally, Drell-Yan events where both electrons are
misidentified as photons contribute a small fraction (<1%) to the total back-
ground. The background composition is used for constructing the background
templates.

To measure the relative background fractions of v, 77 and j7 in data for each
category, a double two-dimensional sideband method [79] is used. Data are split
into 16 orthogonal regions defined by diphoton pairs in which one or both photons
satisfying/failing the nominal/loosened identification and isolation requirement.
The signal region, where both photons satisfy the nominal identification and iso-
lation requirements, can be disentangled by considering the v, vj and jj yields
and the efficiencies for photons and for hadronic jets passing identification and
isolation selections in other 15 control regions.

The fractions of background sources in the inclusive diphoton sample are
(78.7 1 5%, (18.6 712)% and (2.6 73" % for vy, vj and jj, respectively. The
uncertainties are systematically dominated. The systematic uncertainties on the
background composition are estimated by considering the following three sources:
variations on the definition of the background control region, the modeling of the
isolation efficiencies, the tight identification efficiencies. The variation introducing
the maximal deviation from the nominal definition is taken as the systematic
uncertainty.

Table 4.9 gives the obtained 7, 77 and jj event yields and fractional decom-

position for each category.
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Yield =+ stat. + syst. Fraction =+ stat. =+ syst. [%]
e i jj 7 i \ jj
Coupling Cat.

Baseline 261468 £718 *1201, | 62307 £448 *113%® | 8633 £103 T3 || 78.7 £0.2 T4} 187 40.2 %57 | 2.6 £0.0 I3

ggH 0J Cen 40885 £273 1% | 9748 £150 *3L, | 1068 +22 *33, 79.1 £0.3 39 18.9 £0.3 155 | 2.1 £0.1 794
ggH 0J Fwd 105270 4484 *534 | 30546 £330 *5211 | 5161 +84 *2%%2 || 74.7 £0.3 103 21.7 0.3 135 | 3.7 +0.1 £33
ggH 1] LOW 50365 £308 *33%) | 10736 +185 3010 | 1355 441 +32° 80.6 +£0.3 07 17.2 £0.3 52 | 2.2 £0.1 £9F
ggH 1J MED 19458 +£184 188 | 3648 £101 95 281 £19 15, 83.240.5 *9% | 15.6 £0.5 740 | 1.2+01 792
ggH 1J HIGH 1984 £57 19,4 324 £28 T 12 £4 12 85.5 £1.4 199 14.0 £1.4 555 | 0.5 £0.2 793
ggH 1J BSM 70 £14 15, 18 £10 37 14159 79.0 £12.5 T2 | 20.3 £12.4 T | 0.7 £1.2 1!
ggH 2J LOW 20110 £185 *185. | 3353 £107 *72° | 450 +24 3% 84.1 405 798 | 14.0 £0.5 "33 | 1.940.1 *53
ggH 2] MED 12021 +£138 55, 1772 +74 2% 194 +14 +188 85.9 +0.6 96 12.7 40.6 72} | 1.4 401+
geH 2] HIGH 2364 £59 17, 309 +28 F4%7 14 +4 0 88.0 +1.2 *94 11.5 £1.2 752 | 0.5 £0.2 109
ggH 2] BSM 257 £19 £1° 45 £8 19 0+07*2 85.2 £3.1 *49 14.8 £3.1 731 | 0.1 £0.1 155
VBF HjjLOW loose 743 £36 19, 147 420 *38 12 +4 79 82.4 +2.6 *99 16.3 £2.6 753 | 1.3 £0.5 19
VBF HjjLOW tight 112 +£14 5° 22 £7 15 2 41 7! 82.4 £6.2 10§ 16.2 £6.1 09, | 1.4 £1.0 753
VBF HjjHIGH loose 1631 455 F19, 330 433 *4% 54 +8 1 80.9 +1.9 *0% 16.4 +1.8 59 | 2.7 +0.5 79}
VBF HjjHIGH tight 917 £39 153 146 +21 *39 20 +5 12 84.7 £2.3 13 13.5 £2.2 727 | 1.8 £0.5 701
VHhad loose 1632 +£52 22, 244 428 +123 23 £5 19, 85.9 £1.7 ¥ | 129 +1.6 757 | 1.2+0.3 *0
VHhad tight 406 £25 3 64 +12 72 34219 85.8 £3.0 *19 13.6 £3.0 153 | 0.6 £0.4 700
qqH BSM 2540 +£64 7™ 361 +£29 g 13 £4 15 87.2 £1.2 52 124 £1.2 122 | 04 £02 792
VHMET LOW 15 46 130 9 44 19, 241 +3 58.2 +20.1 499 | 35.0 £19.5 8% | 6.7 £5.8 113!
VHMET HIGH BSM 20 46 9 3 44 T2 2 +3 19 79.8 +21.6 *90, | 12.6 £17.8 7% | 7.5 £14.4 T0L,
VHlep LOW 359 +25 9, 46 £15 i1 1143+ 86.3 3.9 702, | 11.1 £3.8 725 | 2.6 +0.9 799
VHlep HIGH 23 £18 *9 1417} 040 *2 95.1 £9.6 *92, 4.8 £9.4 747 0.0 £1.4 *92
VHdilep LOW HIGH 84710 14243 1414 83.2 +£32.0 *90, | 8.5 4+24.2 1345 | 8.3 +18.6 T9Y,
ttH Had 6j2b 48 +9 1, 1145+ 0403 80.5 £10.1 *123 | 19.1 £10.1 *%9 | 0.4 +0.5 7L}
ttH Had 6j1b 378 +£24 75, 42 £12 £ 6+11 88.8 £3.2 18 9.8 £3.1 174 1.5 +0.4 *59
ttH Had 5j2b 114 +12 %9 945 *3 040 *2 92.1 +4.5 33 7.6 +4.5 123 0.3 +0.2 14
ttH Had 5j1b 20 £5 19, 14279 040 *3 93.3 +£10.3 *92, | 6.2 £10.2 73%2 | 0.5 £1.0 7)%®
ttH Had 4j2b 31 £7 1 6 +4 17 04073 82.0 £12.3 T35 | 16.9 £12.2 £1%2 | 1.0 £1.4 H°
ttH Had 4j1b 0+16 2 21 433 79, 0+1 73 0.0 £77.5 *44L9 1 998 +77.8 +00 | 0.2 £3.1 +3%0
ttH Lep 27 +19 +2 1414 0+07*2 97.5 6.1 ¥27 2.5 +6.1 199 0.0 £0.0 *7:7

ttH Lep Ofwd 0 +10 2 18 +15 75, 14419 0.0 £51.7 13666 1 943 +56.7 199 . | 5.7 +£24.1 *39
ttH Lep 1fwd 27 £7 13 744 72 04015 78.3 £13.9 *84 | 21.7 £13.9 732 | 0.0 £0.0 F3}

Table. 4.9: ~v, vj and jj yields and fraction decomposition in each category
after the final selection, obtained from the 2x2D Sideband Method. The small
Drell-Yan contribution is included in the v yields and fractions.

4.6.2.2 Background modeling

The m,,, distribution of background contributions in each category is parametrized
with an analytic function, where the normalization and function parameters are
obtained from fits to the m., distribution on data. The choice of fit function is
made in each category using either MC or data-driven background samples. After
measuring the bias associated to each function, the function with the smallest
number of degrees of freedom that satisfies the bias criteria is chosen.

The bias for a given background parameterization (function) is typically esti-
mated using a representative background MC sample with data-driven corrections.
~vv fast simulation samples and vj + jj from reverse-ID data are used for most of
the categories except ttH and V H non-hadronic. In the case of ttH categories,
where too many MC samples would be required to model the background and the
normalization of each is not well known, the function bias is determined in data

control regions. The Vv samples are used in the V H non-hadronic categories.
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These background-only samples are fit with a function combining the background
parameterization and the signal model; the fitted number of signal events is then
a measure of the signal bias. The fit is performed in the same mass range as
that of the analysis, [105, 160]GeV. Values of my, ranging from 121GeV to 129GeV
are scanned in steps of 1GeV, and the fit bias (referred to as the “spurious” sig-
nal in the following) is evaluated as the maximum value of |Ng| over this range:
Ny, = max | Ns(mp)|.
121<my, <129GeV

The spurious signal Ngp is required to be less than 10% of the expected SM
signal yield or less than 20% of the expected statistical uncertainty in the SM
signal yield. Thus, a passing function must satisfy at least one of these modified

spurious signal criteria:
o Ny < 10% N eap
o Ny <20% 05 eap

When two or more functions satisfy those requirements, the background model
with the least degree of freedom is chosen.

The spurious signal method can be modified to accommodate categories whose
MC background templates have large statistical uncertainties compared to the
expected. To account for this effect, the error associated with the local statistical
uncertainty of the MC template Ay c(Ng) is considered. To test whether N
is statistically compatible with the maximum allowed value, a new metric (, is

defined:
N, + 2AMC; Ny + QAMC <0

CS(mV’Y) = Ns - 2AMC’7 Ns - 2AMC’ >0 (49)

0, otherwise

In other words, the spurious signal is relaxed to accommodate 20 local fluc-
tuations in the MC template.
The maximum ¢, in the range 121 < m,., < 129 GeV is taken as the spurious

signal, denoted (sp. The criteria is the same as before.
° Csp < 10% Ns,exp
° Csp < 20% Os,exp

The new method is designed to prevent functions from being excluded in the
case of statistically-limited MC templates. The systematic uncertainty associated
with the spurious signal is unchanged; it is still /V;, measured for a given function.

A second function choice scenario was considered in which the passing func-
tion with the smallest total uncertainty is selected in each category (total uncer-
tainty here is defined as the statistical uncertainty of the signal yield estimate at
my, = 125 GeV added in quadrature with the spurious signal systematic uncer-

tainty).
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Table 4.10 shows the selected functions in each category, its associated sys-
tematic uncertainties on the signal amplitudes expressed in the size of the spurious
signal Ngp,,, its size relative to the expected statistical error on the signal mea-

surement Zp,,, and its ratio to the predicted number of signal events fispy,-

Category Model Nepur | Zspur (%] | pspur (syst) [%]
gegH 0J Cen ExpPoly2 -26.5 -29.4 -7.95
ggH 0J Fwd ExpPoly2 -46.0 -24.4 -7.96
geH 1J LOW ExpPoly2 32.2 29.3 11.1
geH 1J MED ExpPoly2 8.69 13.1 5.54
ggH 1J HIGH Pow -3.61 -21.6 -11.5
ggH 1J BSM Exponential 1.32 43.9 59.7
ggH 2J LOW ExpPoly2 -13.9 -21.2 -17.1
gegH 2J MED ExpPoly2 7.78 16.0 10.7
geH 2J HIGH Pow 3.64 18.9 12.7
gegH 2J BSM Pow 2.02 -36.8 -27.2
VBF_HjjLOW _loose | Exponential 3.94 31.2 20.2
VBF HjjLOW_ tight | Exponential | 0.417 10.7 2.99
VBF_ HjjHIGH_loose | Exponential | -2.33 -12.8 -14.0
VBF_HjjHIGH_ tight | Exponential 2.28 18.8 11.3
VHhad_ loose Exponential 3.32 18.8 20.1
VHhad_ tight Exponential 2.27 27.7 18.5
qqH BSM Exponential 7.14 37.3 26.7
VHMET LOW Exponential | -0.497 -24.1 -81.1
VHMET_ HIGH Exponential | 0.559 26.6 43.5
VHlep_ LOW Exponential | -1.90 -26.3 -29.7
VHlep  HIGH Exponential | 0.427 25.6 28.6
VHdilep Pow -0.176 -18.0 -19.1
tHhad 4j2b Pow -0.037 -1.38 -6.52
tHhad 4j1b Pow -0.25 -3.47 -9.73
ttHhad BDT4 Exponential 0.38 10.1 15.4
ttHhad BDT3 Exponential | 0.057 3.72 9.72
ttHhad BDT2 Exponential | 0.082 4.55 4.77
ttHhad BDT1 Exponential | 0.053 3.97 3.75
ttHlep Pow -0.25 -16.2 -10.7
tHlep 1fwd Pow -0.29 -19.6 -26.2
tHlep Ofwd Pow 0.29 12.9 28.5
Table. 4.10: Spurious signal results for the reconstructed categories. In each

category, the function chosen to model the background distribution of m., is
listed, along with the associated systematic uncertainties on the signal amplitudes
expressed in the size of the spurious signal (Ngpur), its size relative to the expected
statistical error on the signal measurement (Zgpy), and its ratio to the predicted
number of signal events (fispur). The “Pow” refers to the first-order Power Law; and
the “Exponential” and “ExpPoly2” models are exponentials of first- and second-
order polynomials.
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4.7 Statistical model

4.7.1 Parameters of interest

Parameters of interest (POIs) are the parameters we would like to measure,
e.g. inclusive signal strength, cross section of different production modes, or cou-
pling modifiers. Different set of POIs (parameterizations) are used to interpret

the data in order to reveal different physics information.
4.7.2 Nuisance Parameters

The fit model includes nuisance parameters (NPs), which are floated in the
fit but are not of interest for the Higgs boson measurements. Some of these pa-
rameters are determined only from data, and are referred to as unconstrained.
Other parameters are also constrained using information from auxiliary measure-
ments, in addition to the data. These parameters are referred to as constrained
and quantify the effect of systematic uncertainties in the measurement.

The auxiliary measurements are always assumed to be expressible as inde-
pendent unit-Gaussian constraints for each constrained NP. When the same sys-
tematic uncertainty source affect both channels, the corresponding nuisance pa-
rameters will be equated between them. The mean of the Gaussian is the global

observable representing the observed value of the auxiliary measurement [80].
4.7.3 Measurement Likelihood

The statistical methods used in this chapter follow those of Ref. [81] and
Ref. [82]. In order to build an extended likelihood function, analytic functions of
the number of observed events and the corresponding diphoton mass are used to
describe the distributions of m.,, in the range 105-160 GeV for the signal and the
background.

The likelihood for a given reconstructed category is a Poisson probability

distribution,

where n; and N; are the observed and expected number of selected candidates.
f,-(m% ) stands for the value of the probability density function of the invariant
mass distribution evaluated for each candidate 7, 8 are nuisance parameters, 0 are
the global observables corresponding to 8, and G(0) the constraint term, defined as
a set of unit Gaussian constraints on a subset of the nuisance parameters. In order

to get the likelihood for the measurements of the total Higgs boson production-
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mode cross sections and signal strengths, the likelihood functions of each event
reconstruction category are multiplied together.

The number of expected candidates consists of the signal and background
yields, denoted by N¥ and N8, and the spurious signal yield described in Sec-
tion 4.6, N;"" - Ospur.c,

N; = NP8 4+ NP+ NP O

For the nominal systematic uncertainties giving both up and down impact, a
Gaussian factor
Fo(o,0)=(140-0)

is incorporated into the likelihood function.
for the effect of an uncertainty that a negative model parameter does not

make physical sense, a log-normal pdf is injected.
FLN(U7 9) — e\ /In(1+02)0

By using the same nuisance parameter, two uncertainties are fully correlated
when the source are exactly the same. Partially-correlated uncertainties are de-
composed into uncorrelated and correlated nuisance parameters.

A profile likelihood ratio test statistic is used to determine the measured Higgs

boson signal yields, )
A(v) = —-2In M, (4.10)
L(r,0)

where v and @ are the parameters of interest and the nuisance parameters,
respectively. In the numerator, the nuisance parameters are set to their profiled
values é,,) , which maximize the likelihood function for fixed values of the pa-
rameters of interest v. In the denominator, both the parameters of interest and
the nuisance parameters are set to the values & and 6 respectively which jointly
maximize the likelihood.

In the asymptotic approximation, in which the likelihood is approximately
Gaussian, A(v) may be interpreted as an increase in x? from its minimum value [81]
to derive the approximate confidence intervals.

When A(r) = 1 with all other parameters “profiled” (i.e. set to the values
that maximize the likelihood for those values of v), the total uncertainty in v
can be obtained. In addition, by fixing different groups of uncertainties to their
unconditional fit value, error decomposition can be performed. Statistical un-
certainty can be determined by fixing all nuisance parameters to their best-fit

values, except for those describing the background shape and normalization. The
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theoretical (experimental) uncertainty is found by subtracting in quadrature the
experimental (theoretical) uncertainties and the statistical uncertainties from the

total uncertainty.

4.8 Systematic uncertainties

Systematic uncertainties can be divided into two general types, which are

briefly summarized below and discussed in the following part of this section.

o Theoretical uncertainties include uncertainties on the QCD scale, parton
density functions, the strong coupling constant, and branching ratios. The-
oretical uncertainties can impact the modelling of observables of a given
signal process topology, affecting the signal yield and migrations between
STXS truth bins. They also include uncertainties from an imperfect parton
shower model and from the description of the underlying event. The Stan-
dard Model cross-section and branching ratio predictions are used as the
reference for the signal strength (1) measurements, and the theoretical un-
certainties affecting the total predicted SM yield are reflected in the y mea-
surements. The cross-section times branching ratio measurements reported
in the context of the STXS framework, either inclusively or per production
mode, do not use the Standard Model as a reference. As such, the theo-
retical uncertainties affecting the cross-section measurements are restricted
to acceptance and migration uncertainties. These acceptance and migration
uncertainties do depend on the merging of STXS bins and are evaluated

independently for the STXS and production cross-section measurements.

o Experimental uncertainties include sources such as the luminosity measure-
ment; object reconstruction, identification and trigger efficiencies; object
energy scale and resolution; the modeling of pile-up; and the primary vertex
selection efficiency. Most of the experimental sources of uncertainty affect
the inclusive signal yields or cause migrations between categories. There are
two special groups of uncertainties associated with the parameterization of
the signal and background when fitting the m,. spectrum. The first is the
photon energy scale and resolution experimental uncertainties affect the m.,
distribution of the signal resonance. The group of uncertainties correspond-
ing to the background modelling, is evaluated by measuring the amount of
spurious signal measured in a simulated background-only sample as defined
in Section 4.6.2.

Table 4.11 summarizes the implementation of systematic uncertainties in the
statistical model. The impact of the uncertainties on the measurement can be

found in Sections 4.9.2.
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Systematic uncertainty source Nnp Constraint

ggF QCD 9 NE Fin(oi,6;)
Missing higher orders (non-ggF) 6 N Fin(oi,0;)
g B(H — ) 1 Nt Fin(os,0)
= PDF 30 NE Fin(oi,0:)
osg 1 NfFin(os,6;)
UE/PS 5 N{ Fin(oi,0;)
Heavy flavor content 1 N{Fin(oi,6;)
- Luminosity 1 N Fin(oi, ;)
Q Trigger 1 N Fin(oi,6;)
o Photon identification 1 N§ Fin(os,0;)
= Photon isolation 2 NE Fin(oi,0;)
g Flavor tagging 14 NE Fin(0i,6;)
e Jet 20 NP Fix(oi, ;)
;li 5 Jet flavor composition 7 N{ Fin(oi,0;)
- b= Jet flavor response 7 NEFin(oi,0;)
&b Electron 3 N§ Fix(os,0:)
= Muon 11 N§ Fin(oi,6;)
Missing transverse momentum 3 N{ Fin(oi,0;)
Pileup 1 N Fix(os,6;)
Photon energy scale 40 Né’ Fin(o;,0;)
” ATLAS-CMS my, 1 ues Fa(oi,6;)
< Photon energy scale 40 pes Fa(oi, 0;)
= .
Photon energy resolution 9 ocB Fun(oi,0;)
Background Spurious signal Varies Nspur,c Ospur,c

Table. 4.11: Summary of the sources of systematic uncertainties for results based
on event reconstruction categories.
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4.8.1 Experimental systematic uncertainties

The experimental uncertainties affecting the expected overall signal yield and
causing migrations of events between categories are listed here.

The sources of uncertainties in the expected signal yield:

o The luminosity delivered to the ATLAS experiment. The uncertainty in the
combined 2015+2016 integrated luminosity is 3.2%. It is derived from a cal-
ibration of the luminosity scale using x—y beam-separation scans performed
in August 2015 and May 2016 [83].

o The the diphoton trigger efficiency. A 0.4% uncertainty is estimated by
using a bootstrap method [22] to compare the trigger efficiencies in data

and simulation.

o The photon identification efficiency. Its uncertainty is computed by varying
the identification efficiency scale factors within their uncertainties measured
from radiative Z boson decays and from inclusive v events, and of electrons

from Z — eT e~ decays. It is estimated to be 1.6%.

o The photon track isolation efficiency. By measuring the track isolation cut
efficiency of the inclusive photon samples, its uncertainty is estimated to be
0.8%.

o The photon calorimeter isolation efficiency. Its uncertainty is estimated to
be 0.1% and is obtained from comparison of efficiency between turning on
and off corrections of simulated inclusive photon events on the calorimeter
isolation variable.

Uncertainties causing migrations between categories and bins include:

e The modeling of pileup in the simulation. This uncertainty is around 1.4 -
5.6% for different categories. The number is obtained by varying the average

number of pileup events in the simulation by an amount consistent with data.

e Uncertainties in the photon energy scale and resolution. These uncertainties
cause migrations between the event reconstruction categories and impact the
expected number of events. Z — e e~ simulation samples are used to make
this calibration. A pp-dependent uncertainty impact is obtained between
0.2% for events with a low diphoton pr up to 1.9% for high diphoton pt

events.

o Uncertainties in the jet energy calibration and the jet energy resolution.
Uncertainties from 2.8% to 15% are derived from varying the jet energies

by an amount commensurate with the differences observed between 13 TeV
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data and simulation in the transverse momentum balance in dijet, v + jet
and Z + jet events [35, 84].

o Uncertainties due to the efficiency of the jet vertex tagger. By applying the
simulation corrections shifted with an amount allowed by the data, these

uncertainties are obtained.

o b-tagging algorithm. top-quark related categories are affected by uncertain-

ties corresponding to the b-tagging algorithm.

 Electron [85] and muon [32] reconstruction, identification and isolation effi-
ciencies. A tag-and probe technique is used in dilepton decays of Z bosons
and J/1¢ mesons collected in Run 2, resulting in about 0.6% for electrons

uncertainties and about 0.5% for muons uncertainties.

« Electron [86] and muon [32] resolution, energy and momentum scale. Those
uncertainties are determined from comparisons between the reconstructed
invariant mass in data and simulation of dileptons from decays of Z bosons

or J /¢ mesons, which is determined to be negligible for all measurements.

o The EM¥ uncertainty. The source is both the E¥ itself and the hard
objects. A typical migration uncertainties ranging from 4.0% to 4.8% for
relevant categories is obtained.

Another part of uncertainties are the the photon energy scale and resolution
affecting the signal modeling, and the uncertainties due to the specific choice of
background model.

The Higgs boson mass my = 125.09 4+ 0.24 GeV [87] is fixed in the signal
strength extraction. An uncertainty in the signal peak position 0.24 GeV is added
as a nuisance parameter in the fit. The uncertainty in the Higgs boson mass is
dominated by the statistical component, and the muon momentum and electro-
magnetic energy scale uncertainties from the ATLAS and CMS experiment. This
nuisance parameter is found to impact the measured inclusive signal strength by
less than + 0.1%.

The photon energy scale can shift the position of the peak, and the pho-
ton energy resolution can broaden or narrow the signal peak, which will impact
the signal model. Those are typically among the dominant sources of systematic
uncertainty in the measurement. The determination of those systematic uncer-
tainties in the photon energy resolution and scale follows Refs. [28, 88], deriving
the overall energy scale factors and their uncertainties based on Z — eTe™ events
collected during 2015 and 2016. The photon energy scale uncertainties can give
impact to the peak position by between + 0.21% and + 0.36% of the nominal
peak position. The width of the signal distribution can be changed by between
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+ 6% and + 13% of the nominal width by the photon energy resolution uncer-
tainty. The size of both uncertainties is dependent on the energy, rapidity and jet
activity of the selected photon pair.

The uncertainty due to the choice of background function is expressed as a
systematic on the number of fitted signal events, and taken to be uncorrelated
across categories. The spurious signal method is used to fit the m., spectrum re-

constructed from background-only simulated samples, as discussed in Section 4.6.
4.8.2 Theoretical and modeling uncertainties

The signal strength measurements, which are ratios of the observed to pre-
dicted event yields are affected by the overall theoretical cross-section uncertain-
ties. The cross-section measurements won’t be impacted as they do not rely on
absolute predictions.

The theoretical modeling uncertainties in the per-category acceptance of each
production process affect the measurement of production-mode cross sections and
signal strengths. The parton distribution functions (PDFs) and the ag uncertain-
ties are estimated using the PDFALHCI15 recommendations [89].For the gluon—
gluon fusion process, the total production-mode cross section uncertainty is 3.9%,
calculated at N3LO precision in QCD, as determined by QCD-scale variations and
including top, bottom, and charm quark mass effect uncertainties. When requir-
ing additional jets or high Higgs boson pr, the perturbative uncertainty becomes
significantly larger in different kinematic regions. Nine uncertainty sources are

included to take this effect into account:

e The jet multiplicities due to missing higher-order corrections uncertainties
are taken into account by using the STWZ [90] and BLPTW [90, 91] pre-
dictions as an input. The yield uncertainties are up to 8.9% in each STXS

region. And migration uncertainties are up to 18% in each STXS region.

o the Higgs boson pr uncertainty can be divided into three systematics, in-
cluding two represent the migration uncertainty between the intermediate
and high pr region with events with at least one jet, and a uncertainty pa-
rameterizes the missing higher-order correction of top-quark mass effects in

the gluon—gluon fusion loop. It mainly impacts events at pr > 500 GeV.

o The gluon—gluon fusion events migrate to the VBF categories due to missing
QCD higher-orders in the calculation. Those uncertainties are estimated by
variations of the renormalization and factorization scales in MCFM by a
factor of two around the nominal scale of y, = py = my,. The uncertainty is
between 20% and 32%.
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In the ttH and tH categories, an uncertainty of 100% is assigned to the
normalization of the ggF, VBF, and V' H production mechanisms.

The “UE/PS” uncertainty, which is the modeling of the parton shower, un-
derlying event and hadronization affects all measurements. It is estimated by
switching the parton showering algorithm from Pythia8 to Herwig7 in the ggF,
VBF, and V H samples and from Herwig++ to Pythia8 in the t¢tH sample. The
relative difference in acceptance at particle level is taken as the uncertainty under
each production modes. A eigenvector tune effect of ggF from the AZNLO set
provides an additional uncertainty.

The normalization uncertainty from the H — v branching ratio is taken
from HDECAY and PROPHECY4F.

4.9 Results

This results of the total and production mode specific signal strength measure-
ments, the total production cross sections and simplified template cross sections

and the coupling-strength fits are discussed in this section.

4.9.1 Data distributions

Figure 4.30 shows the weighted inclusive observed diphoton invariant mass
spectrum. Figure 4.31 shows the weighted invariant mass distributions for the
sums of the categories targeting the different production modes. Two set of sig-
nal strength numbers are extracted from fitting. The inclusive signal strength is
obtained from a fit of Figure 4.30, which will affect simultaneously all production
modes. In the fits of Figure 4.31, the four signal strengths piger, pver, tva and
et are allowed to vary separately. As discussed in Section 4.6, the Higgs
boson mass is set to my, = 125.09 & 0.24 GeV.

4.9.2  Signal strengths

The signal strengths are measured with the extended likelihood analysis (Sec-
tion 4.7).

The inclusive signal strength p definition includes all resonant signal pro-
cesses with associated theoretical uncertainties on the cross-section and branching
ratio. The negative log-likelihood scan of the inclusive signal strength is shown in
Figure 4.32.
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Fig. 4.30: Weighted diphoton invariant mass spectrum for the sum of all categories
observed at 13 TeV in the 2015 and 2016 data. Events are weighted by In(1 +
S0/ Boo), where (Sy/Bogo) for each category is the expected signal (background) in
the smallest m.., window containing 90% of the expected signal. The fitted signal-
plus-background model is shown with the solid red curve. The dotted blue curve is
the background component, while solid black curve is the signal component of the
fit. Both the signal-plus-background and background-only curves reported here
are obtained from the weighted sum of the individual curves in each category. The
residuals between the data and the background component of the fitted model are

shown in the bottom panel. In fits, the Higgs boson mass is constrained to be
125.09 4+ 0.24 GeV.
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Fig. 4.31: Weighted diphoton invariant mass spectra for events for the sum of
corresponding categories observed at 13 TeV in the 2015 and 2016 data. Events
are weighted by In(1+ S/ Bgo), where (Syo/Bgg) for each category is the expected
signal (background) in the smallest m., window containing 90% of the expected
signal. The fitted signal-plus-background model is shown with the solid red curve.
The dotted blue curve is the background component, while solid black curve is the
signal component of the fit. Both the signal-plus-background and background-only
curves reported here are obtained from the weighted sum of the individual curves
in each category. The residuals between the data and the background component
of the fitted model are shown in the bottom panel. In fits, the Higgs boson mass
is constrained to be 125.09 + 0.24 GeV.
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Fig. 4.32: Negative log-profile likelihood A as a function of the observed inclusive
signal strength p with all systematic uncertainties included (black line), with pa-
rameters describing experimental uncertainties fixed to their best-fit values (blue
line), with the same procedure applied to all systematic uncertainties (red line).

The measured central value and 68% CL interval for the inclusive signal

strength is:
p=0.99 t91% = 0.99 +0.12(stat.) 7552 (exp.) T3¢ (theo.) ,

A relatively good agreement is found comparing to the SM prediction.

When comparing this result to the ATLAS Run-1 diphoton signal strength
measurement of y = 1.17 4 0.23 (stat.) 7002 (exp.) 7042 (theo.) , around a factor
of two improvement is obtained in each component of the uncertainty.

The impact of the main sources of systematic uncertainty presented in Ta-
ble 4.11 on the measured inclusive signal strength are presented in Table 4.12.

The signal strength of the four measured production modes are measured by
varying them independently during the fit. The definition of ZH includes the
gluon initiated production and bbH shares a common signal strength with ggF.

The results of these fits are shown below as well as summarized in Figure 4.33.

pegr = 0.81 Tg15 = 0.81 £ 0.16 (stat.) “gf (exp.) Tgof (theo.)
pver = 2.0 738 =2.0 +0.5(stat.) 703 (exp.) T35 (theo.)
pve = 0.7 799 = 0.7 £ 0.8 (stat.) T92 (exp.) T2 (theo.)

iop = 0.5 08 = 0.5 T8 (stat.) 107 (exp.) T575 (theo.)

It is assumed pyvy = pzr = pwa due to the lack of statistic to probe Higgs
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Uncertainty Group o5yst.

"

Theory (QCD) 0.041
Theory (B(H — 7)) 0.028
Theory (PDF+ag) 0.021
Theory (UE/PS) 0.026
Luminosity 0.031
Experimental (yield) 0.017
Experimental (migrations) 0.015
Mass resolution 0.029
Mass scale 0.006
Background shape 0.027

Table. 4.12: Main systematic uncertainties aZySt' in the combined signal strength
parameter p. The values for each group of uncertainties are determined by sub-
tracting in quadrature from the total uncertainty the change in the 68% CL range
of i when the corresponding nuisance parameters are fixed to their best fit values.
The uncertainties correspond to the sources detailed in Table 4.11.
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Fig. 4.33: Summary of the signal strength of production mode (ggF, VBF, VH

and top) and the inclusive one (prun_2). The inclusive signal strength measured
at 7 and 8 TeV is also listed as prun—1 [1]-

boson production via VH . The bbH contributions are correlated with ggF (i.e.
HbbH = Hggr), as well as correlating the tH and t¢H productions (i.e. fiop =
,UttH+tH>-

The VBF signal strength is found to be 2.2 ¢ above the prediction. A 4.9 ¢

significance is observed.

Table 4.13 summarizes the significance numbers for VBF V H and ttH+tH
production modes.
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Measurement ‘ Expected Z ‘ Observed Z,

HVBF 2.6 o 49 0
MUVH 14 ¢ 0.8 o
Htop 1.8 ¢ 100

Table. 4.13: Expected and observed significances of the VBF, V H and top quark
associated production mode signal strengths.

Process Result Uncertainty [fb] SM prediction
(lym| < 2.5) | [tb]  Total  Stat. Exp. Theo. [fb]

ggF 82 M +16  *f B 102+3
VBF 6t +4 +2 3 8.040.2
VH 3 +4 3 +1 i 4.5+ 0.2
Top 0.7 09 S o SR 1.3+0.1

Table. 4.14: Best-fit values and uncertainties of the production-mode cross sections
times branching ratio.

4.9.3 Production-mode cross sections

Fits are performed to evaluate the production-mode cross sections for my =
125.09 £0.24 GeV in a region with Higgs-boson rapidity |yg| < 2.5, multiplied by
the branching ratio of the Higgs boson decay to diphotons.

The SM predicted relative ratios between ttH, tHq, and tHW production-
mode cross sections are used to merge them to oy,,. The same assumption is also
applied when the W H and ZH are merged into V H.

Only theoretical uncertainty in the acceptance come into fitting. The total
uncertainty is found by profiling all nuisance parameters in the fit while the sta-
tistical uncertainty is found by fixing all constrained nuisance parameters to their
best fit values. The continuum background normalization and shape parameters
are unconstrained and remain profiled in all fits.

The production-mode cross sections are summarized in Figure 4.34 and Ta-
ble 4.14.

The 68% and 95% CL two-dimensional contours of ogr x B(H — 7y7v) and
over X B(H — ~7) are shown in Figure 4.35, with other production modes profiled.

A ratios of the production-mode cross sections to the ggF cross section mea-

surement is performed to remove the impact of possible deviations in the H — v~
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Fig. 4.34: Normalized-to-SM values of the measured production-mode cross sec-
tions times the Higgs diphoton decaying branching ratio.

= 40— \ L I
= ATLAS o= Best fit

= 35 Vs=13Tev,36.1 10" —68% CL
? H = vy, my=12509 Gev ----95% CL
T~ 30 e —+ SM

E o "..~

25

Oygp X

20

15

10

.......

Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il I_
100 120 140 160
Oggrt % B(H = vy) [fb]

N

O[T T T[T T[T I T[T [ TT T[T T[TrrT
© o"-‘ ....'~

[e2]

o

(0]

o

Fig. 4.35: Likelihood contours in the (0ger X B(H — 77),0ver X B(H — 7))

plane, compared to the Standard Model prediction (red cross) for a Higgs boson
mass my, = 125.09GeV.

106



Process Result Uncertainty SM prediction
(lyu| < 2.5) Total  Stat. Exp. Theo.

over/ogr | 020 Yo (%05 Tooe  Tom) | 0.078T550s
ovi/ogr | 004 Tog (Toor T Too) | 0.045%500
Otop/Oger | 0009 Tooog  (Tooos Tooor  Tooon) | 0-0127500

Table. 4.15: Ratios of the production-mode cross sections with respect to the
ggF cross section and uncertainties are shown. The SM predictions with their
uncertainties are shown for each production process.

branching ratio. The normalized-to-SM prediction results are

OVBF/Oggr 13 e os os

= 2.5 Ty5 = 2.5 Tyg (stat.) To3 (exp.) T3 (theo.

(over/0ger )M 0.9 0 ( ) o (exp.) Tos ( )

m = 0.9 £ = 0.9 53 (stat.) 7573 (exp.) F0:7 (theo.)
Oy /U F ) ' . .

T fr 1 = 07 T3 = 0.7 253 (stat.) 33 (exp.) 533 (theo)

The detailed absolute ratio numbers are also given in Table 4.15, with their

statistical, experimental and theoretical uncertainties.

4.9.4 Simplified template cross sections

The STXS framework is designed to evolve alongside the growing ATLAS
dataset. We are currently in the “Stage 1” phase of this design as described in
Section 1.3. But due to the limited sensitivity to the cross section in some bins
of the Stage 1 scheme, in particular due to limited data statistics in some regions,
a merged version of the “Stage 1” simplified template cross-section measurements
are investigated. There are in total ten regions merged from regions with poor
sensitivity or with large anti-correlations: Six regions probe gluon-fusion Higgs
boson production divided by jet multiplicity. Two regions defined to probe VBF
production and Higgs boson production associated with hadronically-decay vec-
tor bosons. A dedicated cross section is measured for Higgs boson production
associated with vector bosons that decay leptonically. One cross section measures
top-associated (ttH and tH) Higgs-boson production. A > 1 jet, p > 200 GeV
gluon—gluon fusion and pjT > 200GeV q¢' — q¢' H+qq — W H /Z H regions are left
to retain sensitivity to beyond the Standard Model effect. Here pf and pjf denote

the Higgs boson and leading jet transverse momenta, respectively. However, due
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to large anti-correlation between those two BSM-sensitive regions, only the cross
section for the summed yield of these two regions is quoted here, and thus nine
kinematic regions are finally reported.

In Table 4.16, the middle column summarizes the 10 probes, which are merged
from the 31 stage-1 cross sections shown in the last column, including 11 ggH,
5qq — Hqq', 11 VH (leptonic decays), 3 Top-associated and 1 bbH production

processes.
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60T

Process Measurement region Particle-level stage-1 region

g9H + g9 — Z(— q)H  0-jet 0-jet
L-jet, pif < 60 GeV L-jet, pif < 60 GeV
1-jet, 60 < pH < 120 GeV L-jet, 60 < pH < 120 GeV
Ljet, 120 < pH < 200 GeV Ljet, 120 < pH < 200 GeV
> 1-jet, pif > 200 GeV L-jet, p > 200 GeV

> 2-jet, p¥ > 200 GeV
> 2-jet, pif < 200 GeVor q¢ — qq'H-like > 2-jet, pH < 60 GeV

> 2-jet, 60 < pif < 120 GeV
> 2-jet, 120 < pi < 200 GeV
qq — qq' H-like, pl{{” < 25 GeV
qq — qq' H-like, pé{” > 25 GeV

q¢ — Hqq (VBF + VH) pl <200 GeV pzr < 200 GeV, q¢' — qq' H-like, pgﬂ < 25 GeV
P < 200 GeV, q¢" — qq' H-like, p?” > 25 GeV
pJT < 200 GeV, q¢ — WH/ZH-like
P < 200 GeV, Rest

P > 200 GeV P > 200 GeV

V H (leptonic decays) V' H leptonic qq — ZH, p1 < 150 GeV
qq — ZH, 150 < pZ < 250 GeV, 0-jet
qq — ZH, 150 < pZ4 < 250 GeV, > 1-jet
qq — ZH, p% > 250 GeV
qf — WH, prVFV < 150 GeV
qq — WH, 150 < p¥' < 250 GeV, 0-jet
qq — WH, 150 < p}¥ < 250 GeV, > 1-jet
qq — WH, p¥ > 250 GeV
99 — ZH, p% < 150 GeV
99 — ZH, pZ > 150 GeV, 0-jet
99 — ZH, p% > 150 GeV, > 1-jet

Top-associated production top ttH tHq and tHW

bbH merged w/ ggH bbH

Table. 4.16: Particle-level kinematic regions of the stage-1 simplified template cross sections measured in the analysis.



Measurement region Result Uncertainty SM prediction
(lym| < 2.5) Total ~ Stat. Syst.

ggF, 0 jet 37 138 +14 )b | 63+51b
ggF, 1 jet, pi < 60 GeV 13 3 +12 )| 15+21b
geF, 1 jet,60 < pH < 120 GeV 5 +6 +6 ) fb 10+ 2 fb
ggF, 1 jet, 120 < p# < 200 GeV 2.8 I e 40T fh | 1.7£0.3 b
ggF, > 2 jet 20 13 +8 )| 11x21h
qq — Hqq, p, < 200 GeV 15 19 +5 ) fb | 10405 fb
geF + qq — Hqq, BSM — like 2.0 +1.4 +1.3 +0.6) fb| 1.8404 fb
VH, leptonic 0.7 T3 s 3) b | 1.44+011b
Top 0.7 0% 08 H02) fh | 1.340.1 fb

Table. 4.17: Best-fit values and uncertainties of the simplified template cross sec-
tions times branching ratio.

The evaluated cross sections including their correlations are summarized in

Figures 4.36 and 4.37. The observed cross sections are all compatible with the SM

prediction within 2 o confidence interval.
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{s=13 TeV, 36.1 fb”’
ATLAS .., m =125.09 GeV

ggH (0 jet) [— ——

ggH (1 jet, p!' <60 GeV) [— -—

ggH (1 jet, 60 = p: <120 GeV) |— .

ggH (1 jet, 120 =< p: <200 GeV) [— °

ggH (= 2 jet) — o

qa — Hqq (p). <200 GeV) |— .

ggH +qq — Haq (BSM-like) [— ie

VH (leptonic) — o

top — o

SM prediction -05 O 0.5 1 1.5 2 2.5
Measured o x B normalized to SM

Fig. 4.36: Normalized-to-SM values of the measured STXS results. The theoretical
uncertainties in the SM predictions are shown in gray in the plot.
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ggH (0 jet)

>
ATLAS 8%

{s=13 TeV, 36.1 fb 06
H— vy, m=125.09 GeV

ggH (1 jet, p: <60GeV) | -0.25

ggH (1 jet, 60 < p: <120GeV) | 0.14
ggH (1 jet, 120 < p: <200GeV) | 0.14 -0.24
ggH (=2jet) | -0.21 0.19

qq — Hag (P, <200 GeV) | 0.02  -0.03

ggH +qq — Hqq (BSM-like) | 0.04 -0.06

ggH - qq — Hqq (BSM-like) [ 0.09  -0.05

VH (leptonic) | -0.04 -0.01

top 0.01 -0.03 0.02 0.03 0.05 0.01 -0.06 0.03 0.01
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Fig. 4.37: Observed correlations between the measured simplified template cross
sections, including both the statistical and systematic uncertainties.
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4.9.5 Coupling-strength fits

Following the tree-level-motivated framework and benchmark models (Ref. [2],
Section 1.4), measurements of Higgs boson coupling-strength modifiers «; are per-
formed. In this single channel H— 77 analysis, simple x models are implemented.

In the first model, the effective coupling strengths to photons and gluons
in loops k, and k, are measured with the assumption that all other couplings
are as in the SM. The best fit values and uncertainties are x, = 0.76757] and
Ky = 1167015,

In the second model, the universal coupling strength scale factors are mea-
sured: Ky = Ky = Kz for all vector bosons and kp = k; = Ky = k; = K, for all
fermions. The effective couplings corresponding to the ggH and H — ~7 vertex
loops are resolved in terms of the fundamental SM couplings. The best fit values
and uncertainties are kp = 0.64751] and xy = 0.92700%.

Figure 4.38 shows the 68% and 95% CL two-dimensional contours of the two
models. The SM prediction is found to be within the 68% CL contour for the first

model and within the 95% CL contour for the second model.

[ — A B BB o
1.8~ ATLAS = Best fit ATLAS = Best fit

; < 1.8 E
[ Vs=13TeV,36.1 1" —68%CL ] 1 Gi Vs=13TeV, 36.1 fo™' —68%CL
1.l H =7y my=12500Gev ---95% CL 7 F H-yy,m,=12500GeV --95% CL ]
r * SM ] 1.4 * SM e
1.4} { 1-2? Ky =Ky =Ky P 7;
r ] 1B FEKEK T Re=R o =
1.2 — E g ]
r ] 0.8 -
1} ....... { 0.6 /. =
T ] 1 e =
087 __________________ — r |
C ] 0.2 -
P N R B i B N R N PR R P RS
04 0.6 0.8 1 1.2 1.4 06 07 08 09 1 11 12 13 14
Kg Ky
(a) the (kg, K£y) plane. (b) the (ky, kF) plane.

Fig. 4.38: Likelihood contours in two coupling-strength modifiers’ plain. The
Standard Model predictions are shown as the red stars.
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4.10 Summary and the updated results

By using 36.1fb~! of proton-—proton collision data produced by the LHC at
Vs = 13 TeV and collected by the ATLAS detector, measurements of Higgs boson
production cross sections and couplings in the diphoton decay channel have been
performed. All measurements assume a Higgs boson mass of 125.09 + 0.24 GeV.

The incluisve signal strength is determined to be
p=0.99 012 —0.99 4 0.12 (stat.) 59 (exp.) T997 (theo.) .

Signal strengths of the main production modes are also reported. They are
found to be:

Pegr = 0.81 J—rgﬁ%&
pyer = 2.0 iB;S;
pve = 0.7 20%;

fitop = 0.5 10,

A factor of two improvement is observed for the inclusive signal strength measure-
ment comparing to the Run 1 ATLAS measurement in the diphoton channel [92].
The VBF signal strength is measured to be 2 o above the Standard Model expec-
tation. The precision of the coupling-strength measurements involving top quarks
improves by about a factor of three.

The cross sections of production modes including the gluon—gluon fusion,
vector-boson fusion, and Higgs boson production in association with vector bosons
or a top quark pair are reported. The parameter of interest studied are all in good
agreements with the Standard Model predictions.

Stage-1 Higgs boson Simplified Template Cross Sections in many phase space
regions are measured in a model-dependent way by using the strong-merged scheme.
The results are comparable with theory predictions and no significant deviation
from Standard Model expectations is observed.

Two parameterizations of Higgs boson coupling-strength modifiers are mea-
sured. Both the results on effective coupling-strength modifiers for Higgs boson
production in gluon-gluon fusion and decay, x4, and k., and the fermionic and
vector boson couplings are close to the Standard Model prediction.

With the 79.8fb~! of proton—proton collision data produced by the LHC at
Vs = 13TeV and recorded by the ATLAS detector in 2015-2017, the H— vy
analysis [93] updated the results in H— 7y channel. The most significant change
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is that seven categories are updated to select ttH production, including both
leptonic and hadronic top decay processes. The other categorization selections
targeting the ggF" VBF and V H production modes and the analysis strategy stay
the same.

The updated inclusive signal strength is

p=1.06 1515 =1.06 +0.08 (stat.) 505 (exp.) T35 (theo.) .

It stays consistent with the results reported in this dissertation.
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CHAPTER 5

Combination of Higgs properties measurements

5.1 Introduction

For the LHC Run 1, a combination of ATLAS and CMS measurements [94]
was performed to determine the Higgs boson production and decay rates. More re-
cently, with the Run 2 dataset recorded by the ATLAS detector during 2015, 2016
and 2017, using up to 79.8fb~! of proton-proton collision data produced by the
LHC, the combined measurements of these measurements have been performed.
This combination analysis takes inputs from analyses targeting the H— vy [93],
H—Z7Z*— 40 (93], H — WW® [95] and H — 77 [96] decay channels; analyses
targeting H — bb in associated production with a weak vector boson V = W
or Z (VH) [97, 98] and in the weak vector-boson fusion (VBF) production pro-
cess [99]; two analyses targeting associated production with a top—antitop pair
(ttH) 193, 100, 101]; an analysis targeting the H— puu decay channel [102]; three
analyses targeting Higgs decays to invisible final states [103, 104, 105]; and an
analysis targeting off-shell production of Higgs bosons [11].

In these combined measurements, the Higgs boson mass used for SM predic-
tion is my, = 125.09 GeV, corresponding to the central value of the combination of
the ATLAS and CMS measurements in Run 1 [39].

This chapter is structured as follows: Section 5.2 describes the data and sim-
ulation samples and Section 5.3 presents the analyses in individual decay channels
which are used as inputs to the combination. The modifications applied to the
statistical model of each input channel are described in Section 5.4. Section 5.5
provides a short description of the statistical procedures. Section 5.6 presents the
measurement of the signal strength p, defined as the ratio of the total Higgs boson
signal yield to its SM prediction, as well as the production cross sections and the
decay branching ratios measurement. Section 5.7 presents results in the STXS
framework. Section 5.8 presents the potential deviations from SM predictions are

then probed in a framework of multiplicative modifiers x applied to the SM values
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of Higgs boson couplings [2]. Finally, Section 5.9 summarizes the results.

5.2 Data and simulated samples

The 13 TeV proton—proton collision data collected by the ATLAS experi-
ment [17, 21] in 2015, 2016 and 2017 are used. Different integrated luminosities
of the datasets are used in each analysis are shown in Table 5.1. The analyses are

described in Section 5.3.

Analysis Integrated  lumi-
nosity (fb™!)

H — ~v (including qq/gg — ttH, H — ~) 79.8

H— Z7Z*— 4L (including qq/gg — ttH, H— ZZ*— 4() 79.8
H—-WW® = evuv 36.1

H— 77 36.1

VH, H—bb 79.8

VBF, H — bb 24.5 - 30.6
H— pp 79.8

ttH, H — bb and ttH multilepton 36.1

H — invisible 36.1
Off-shell H - ZZ* — 40 and H — ZZ* — 202v 36.1

Table. 5.1: Integrated luminosity of the dataset used for each input analysis to
the combination.

The simulated samples used to model the signal processes are described below.
Simulated background samples are described in the individual references for the
input analyses. As for the signal, a consistent set of simulated Higgs boson samples
is used to describe the signal processes in most of the analysis. Only the VBF,
H — bb, off-shell production analyses and measurements targeting decays of the
Higgs boson to invisible final states use a dedicated set of signal samples, which
are discussed at the end of this section.

Higgs boson production via gluon fusion is simulated using the Powheg-
Box [53, 54, 55, 106] NNLOPS implementation [45, 107]. The event generator
uses HNNLO [108] to reweight the inclusive Higgs boson rapidity distribution pro-
duced by the next-to-leading order (NLO) generation of pp — H +parton, with the
scale of each parton emission determined using the Minlo procedure [109]. The
PDF4LHCI15 [89] parton distribution functions (PDFs) are used for the central
prediction and uncertainty. The sample is normalized such that it reproduces the
total cross section predicted by a next-to-next-to-next-to-leading-order (N3LO)
QCD calculation with NLO electroweak corrections applied [3, 50, 51, 49, 52].
The NNLOPS generator reproduces the Higgs boson pr distribution predicted by
the next-to-next-to-leading-order (NNLO) plus next-to-next-to-leading logarithm
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(NNLL) calculation of HRES [110], which includes the effects of top- and bottom-
quark masses and uses dynamical renormalization and factorization scales.

The VBF production process is simulated to NLO accuracy in QCD using
the Powheg-Box [56] generator with the PDFALHC15 set of PDFs. The sample is
normalized to an approximate-NNLO QCD cross section with NLO electroweak
corrections applied [3, 57, 58, 60].

The qq — V H production processes are simulated to NLO accuracy in QCD
using the Powheg-Box, GoSam [111] and Minlo [112, 113] generators with the
PDF4LHC15 set of PDFs. The samples are normalized to cross sections calculated
at NNLO in QCD with NLO electroweak corrections [63, 66]. The g9 — ZH
process is generated only at leading order (LO), using Powheg-Box and NLO
PDFs and normalized to an NLO computation with next-to-leading-logarithm
(NLL) corrections [65, 3].

Higgs boson production in association with a top—antitop pair is simulated at
NLO accuracy in QCD using the Powheg-Box generator with the PDFALHC15 set
of PDFs for the H— vy and H— ZZ*— 4¢ decay processes. For other Higgs boson
decays, the MG5_aMC@NLO [67] generator is used with the NNPDF2.3 [68] set
of PDFs. In both cases the sample is normalized to a calculation with NLO QCD
and electroweak corrections [3, 69, 70, 71, 114].

In addition to the primary Higgs boson processes, separate samples are used
to model lower-rate processes. Higgs boson production in association with a bb
pair (bbH) is simulated using MG5_aMC@NLO [73] with NNPDF2.3LO PDFs
and is normalized to a cross section calculated to NNLO in QCD [3, 115, 116,
117]. The sample includes the effect of interference with the gg — H production
mechanism. Higgs boson production in association with a single top quark and
a W boson (tHW) is produced at LO accuracy using MG5_aMCQ@QNLO with
the CTEQG6L1 PDF set [118]. Finally, Higgs boson production in association
with a single top quark in the t-channel (tH¢q) is generated at LO accuracy using
MG5_aMC@NLO with CT10 [74] PDFs. The tH samples are normalized to NLO
QCD calculations [3, 119].

The parton-level events are input to Pythia8 [46] or Herwig++ [75] to model
the Higgs boson decay, parton showering, hadronization, and multiple parton in-
teraction (MPI) effects. The generators are interfaced to Pythia8 for all samples
except tHW. For Pythia8 the AZNLO and A14 parameter sets [47] are used, and
for Herwig++ its UEEES [120] parameter set is used.

In the all-hadronic channel of the VBF, H — bb analysis, the Powheg-Box
generator with the CT10 [74] set of PDFs is used to simulate the ggF [121] and
VBF production processes, and interfaced with Pythia8 for parton shower. In
the photon channel of the VBF, H — bb analysis, VBF and ggF production
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in association with a photon is simulated using the MG5_aMCQNLO generator
with the PDF4LHC15 set of PDFs, and also using Pythia8 for parton shower. For
both channels, contributions from q¢ — WH/ZH and q3/gg — ttH production
are generated using the Pythia8 generator with the NNPDF2.3 set of PDFs, and
using the MG5_aMCQ@NLO generator interfaced with Herwig++ and the NLO
CT10 set of PDFs, respectively.

In the analyses targeting Higgs boson decays to invisible final states, the ggF,
VBF and ZH signals are simulated in a similar way to the general procedure
described above, but for the VBF production process the NNPDF2.3 PDF set is
used instead of PDF4LHC15, while for the Z H process the CT10 PDF set is used.

In the off-shell production analysis, the gg — H* — ZZ process is gener-
ated together with the corresponding irreducible continuum production, using the
Sherpa 2.2.2 + OpenLoops [122, 78, 123, 124] generator and the NNPDF2.3 PDF
set. The generation is performed at leading order with up to one additional jet in
the final state, and interfaced with the Sherpa parton shower [125]. The cross sec-
tion calculations take into account K-factors following the methodology described
in Ref. [11].

The particle-level Higgs boson events are passed through a Geant4 [25, 26]
simulation of the ATLAS detector [23] and reconstructed using the same analysis
software as used for the data. Event pileup is included in the simulation by
overlaying inelastic proton—proton collisions, such that the average number of
interactions per bunch crossing reproduces that observed in the data. The inelastic
proton—proton collisions are simulated with Pythia8 using the MSTW2008lo [126]
set of PDFs with the A2 [127] set of tuned parameters.

5.3 Individual channel measurements

In the combination effort, the statistic model with signal divided in STXS
regions are used for all channels other than VBF, H — bb, H — pu, H decay
to invisible and off-shell production analysis. STXS regions are then merged to
provide all kinds of measurements. Brief descriptions of the input analyses to
the combination are given below. More details can be found in the individual
analysis references listed in each section. The categorization is summarized in
Table 5.2. The overlap between the event selections of the analyses included in

the combination is found to be negligible.
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1c1

H— vy

H— ZZ®

| H—>Ww®

H— 77

H — bb

ttH leptonic (3 categories)
ttH hadronic (4 categories)

ttH multilepton 1 £ + 2 Thaq

ttH multilepton 2 opposite-sign £ + 1 Thaq
ttH multilepton 2 same-sign ¢ (categories for 0 or 1 Thaq)

ttH 1 ¢, boosted
ttH 1 ¢, resolved (11 categories)
ttH 2 ¢ (7 categories)

ttH ttH multilepton 3 ¢ (categories for 0 or 1 Thaq)
ttH multilepton 4 ¢ (except H— ZZ*— 4()
ttH leptonic, H— ZZ*— 4/
ttH hadronic, H— ZZ*— 44
VH?2/ V H leptonic 20,75 < p¥ < 150 GeV, Nijets = 2
VH 16, ptMET> 150 GeV 24,75 < pY < 150 GéV, Njes > 3
VH 1 ¢, ptMET <150 Gev 2 ¢, p¥. > 150 GeV, Njgs = 2
VH VH EXiss Emiss > 150 GeV 0-jet, p3¥ > 100 GeV 2 ¢, p¥ > 150 GeV, Njes > 3
VH ERiss| fmis <150 GeV 1£pY > 150 GeV, Niggs = 2
VH+VBF ph!'> 200 GeV 14 p¥ > 150 GeV, Njers = 3
V H hadronic (2 categories) 2-jet, mj; < 120 GeV 0 ¢, p¥ > 150 GeV, Niets = 2
0 ¢, p¥. > 150 GeV, Njets = 3
VBF, pl777> 25 GeV (2 categories) | 2-jet VBF, pil > 200 GeV 2-jet VBF VBF pT7 > 140 GeV V BF, two central jets
VBF VBF, pl777 <25 GéV (2 categories) | 2-jet VBF, pl <200 GeV (ThadThad only) V BF, four central jets
VBF hlgh—m” VBF—F’}/
V BF low-m;
2-jet, p3’ > 200 GeV 1-jet, paf > 120 GeV 1-jet, mgr < 30 GeV, pfﬁ <20 GeV | Boosted, p7™ > 140 GeV
2-jet, 120 GeV< pl' <200 GeV I-jet, 60 GeV< p4f<120 GeV | 1-jet, mg < 30 GeV, pf“/T2 > 20 GeV | Boosted, p77 < 140 GeV
2-jet, 60 GeV< pl7 <120 GeV L-jet, pAf < 60 GeV 1-jet, mge > 30 GeV, pﬁ? < 20 GeV
2-jet, p1’ < 60 GeV 0-jet, p3¥ < 100 GeV 1-jet, mge > 30 GeV, p2 > 20 GeV
99 = H | 1 jet, pl7> 200 Gev O-jet, mer < 30 GeV, p2 < 20 GeV
1-jet, 120 GeV< pl’' <200 GeV 0-jet, myer < 30 GeV, p‘{T2 > 20 GeV
L-jet, 60 GeV< pl? <120 GeV O-jet, mee > 30 GeV, pg < 20 GeV
1-jet, pj' < 60 GeV O-jet, mee > 30 GeV, p2 > 20 GeV

0-jet (2 categories)

Table. 5.2: Summary of the signal regions entering the combined measurements. Each 0-jet and 1-jet H — WIW®) entry corresponds
to two categories for a leading lepton flavor of either e or u. For H — 77, each entry corresponds to 3 categories for TiepTiep, TiepThad
and ThaqThaa unless otherwise specified. Multilepton” refers to decays of the Higgs boson with one or more leptons, and encompasses
H—-WW® H — 77 and H — ZZ" excluding H— ZZ*— 4(. The selections targeting H— jupi, H — invisible and off-shell Higgs
boson production are not included this table.



5.3.1 H—~yy

The H— v analysis [128] (Chapter 4) are then updated with the 79.8 fb~! of
proton-proton collision data produced by the LHC at /s = 13 TeV and recorded
by the ATLAS detector in 2015-2017 [93] and then taken into combination. The
most significant change is that seven categories are updated to select ttH pro-
duction, including both leptonic and hadronic top decay processes. The other
categorization selections targeting the ggF' VBF and V H production modes and
the analysis strategy stay the same. This analysis requires the presence of two
isolated photons [29] within the pseudorapidity range |n| < 2.37, excluding the
region 1.37 < |n| < 1.52 corresponding to the transition between the barrel and
endcap sections of the electromagnetic calorimeter. The transverse momenta of
the leading and subleading photons are required to be greater than 0.35m., and
0.25m., respectively, where m., is the invariant mass of the diphoton system.
The distribution of m., is used to separate the Higgs boson signal from contin-
uum background processes.

Events selected are separated into 29 exclusive categories based on the kine-
matics of the diphoton system and associated particles, chosen to approximately
match those of the Stage 1 STXS regions described in Section 5.7.1.

As mentioned above, seven categories are defined to select ttH production,
including both leptonic and hadronic top decay processes through various selec-
tions on the multiplicities and kinematics of leptons [32, 129], jets [130], and jets
tagged as containing b-hadrons [131].

The remaining events are classified into categories targeting the V H, VBF
and ggF production modes. A detailed description of those categories can be found

in Section 4.4.
532 H—ZZ% 44

The H— ZZ*— 4¢ analysis reconstructs the intermediate Z bosons using
their decays to electrons and muons by requiring the presence of at least two same-
flavor and opposite-charge light-lepton pairs. The four-lepton invariant mass is
required to be between 118 and 129 GeV.

The analysis follows the strategy described in the previous publication [132],
but employs improved event reconstruction and electron reconstruction [133] tech-
niques, and defines additional event categories to enhance sensitivity to the pro-
duction of the SM Higgs boson associated with a vector boson (VH, V — lv/vv)
and with a top quark pair [93]. 11 mutually exclusive reconstructed event cate-
gories are used to separate the different Higgs boson production modes and the

kinematic regions of the STXS framework, including 2 t¢H-enriched categories,
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3 VH categories, 2 categories targeting the VBF production mode and 4 ggF
categories. In the categories where a BDT is employed, the signal is extracted
through a binned fit to the BDT discriminant, while the signal estimation in other
categories is based on event counting.

The largest continuum (Z®) /4*)(Z*) /4*) background is modeled with Sherpa
for production via quark (gluon) annihilation, and normalized to an NNLO QCD
plus NLO electroweak (NLO QCD) calculation. Other background contributions
arise from Z + jets and tt production with two prompt leptons and are estimated

using control regions in the data.

533 H—WW® = evuv

The H— WW® = evuv analysis [95] targets the ggF and VBF production
modes, with T boson decaying to e*v, uTv and also W— 7v decays in which the
tau leptons subsequently decay into electrons or muons.

16 mutually exclusive reconstructed event categories are used to classify events
to target the ggF production mode, based on the jet multiplicity, the flavor of the
leading lepton, the invariant mass of the dilepton system my, and the transverse
momentum of the sub-leading lepton pfﬁ. according to the number of associated
jets (Njets). There is also a Njes > 2 categories naturally sensitive to the VBF
process developed. Events with jets tagged as containing b-hadrons are rejected
to suppress background contributions originating from top-quark production.

The primary background processes are WW, top-quark, W+jets, Drell-Yan,
and other diboson (W Z, W~, W~* and ZZ) production. Most of these contribu-

tions are estimated using data in kinematic regions enriched in the given process.

534 H — 71T

The H — 77 analysis [96] measures the Higgs boson production cross section
in the VBF production process or in “boosted” ggF production with large Higgs
boson transverse momentum p4. 3 VBF categories and 2 “boosted” high-p ggF
categories are developed. For most the categories, three mutually exclusive analy-
sis channels are included in each category, including TiepTiep; TiepThad, a0d ThadThad
are defined according to the number of selected electron, muon and hadronic tau
candidates. The exception is one VBF category is defined by requiring the trans-
verse momentum of the 77 system p7 to be above 140 GeV, for T,,qThaqa €vents
only.

The distribution of the invariant mass of the di-tau system is used to separate
the Higgs boson signal from background. In all three sub-channels, the most

important backgrounds are irreducible Z— 77 events, and events with one or
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two jets misidentified as tau lepton decay products, primarily from multijet and

W +jets production.
535 H —bb

The H — bb decay channel covers the production cross section in the VH
and VBF production modes.

The VH, H — bb analysis [97, 98] considers final states containing at least
two jets that must be tagged as containing b-hadrons. Either zero, one or two
charged leptons are also required, exploring the associated production of a Higgs
boson with a W or Z boson decaying leptonically.

According to the the vector boson transverse momentum pY¥, the charged lep-
ton multiplicity, and the jet multiplicity, 8 reconstructed categories are developed
to enhance the signal sensitivity.

The largest background contributions arise from V+heavy-flavor-jets and tt
production which is estimated using data. The normalizations of single-top-quark
and diboson (W Z and ZZ) production are obtained from theory predictions, while
their shapes are taken from simulation. There are small multijet contamination
due to jets mis-measured in the calorimeters and are estimated using data-driven
control samples.

In the VBF,H — bb analysis [99], three orthogonal selections are employed,
targeting two all-hadronic channels and a photon-associated channel. Each selec-
tion requires the presence of at least two jets tagged as containing b-hadrons in
the central pseudorapidity region |n| < 2.5 as well as at least two additional jets
used to identify the g¢ — q¢’ H topology. The two orthogonal all-hadronic selec-
tions are categorized by the multiplicity of central/forward jets and jet triggers
are used, while the VBF+~ selection is using the photon trigger.

The non-resonant production of b-tagged jet pairs is the dominant back-
ground. There are also smaller contributions from Z — bb production. The
non-resonant background yields in the photon-associated channel are about two
orders of magnitude lower than in the other two VBF selections. The VBF,
H — bb channels are included in all the measurements except for those presented

in Section 5.7.

5.3.6 H—pup

The analysis strategy of H— pup search [102] is similar to the H— v+ analy-
sis. A pair of opposite-charge muons is selected and then the distribution of the
invariant mass m,, is used in fitting to separate signal from background. Events

are classified into eight categories, including two VBF-enriched categories classi-
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fied with BDT exploiting the kinematic properties of the two leading jets and the
two muons, and six ggF-categories classified into three ranges of the transverse
momentum pi* of the dimuon system and the muon pseudorapidities n*. The
dominant background process is the Drell-Yan background. This channel is only

included in the results presented in Section 5.8.3.

5.3.7 ttH, H — bb and ttH multilepton analyses

The ttH analysis contains 4 channels: H— vy, H— ZZ*— 4¢, H — bb [101]
and multilepton final states, targeting Higgs boson decays to WW*, ZZ* and 77 [93,
100]. The H— vy and H— ZZ*— 4( ttH analyses are already included in the cou-
pling analyses mentioned in Sections 5.3.1 and 5.3.2 .

The search for t£H production with H — bb employs two selections, optimized
for single-lepton and dilepton final states of ¢t decays. In the single lepton channel,
events are required to have one isolated electron or muon and at least five jets,
of which at least two must be identified as containing b-hadrons, candidate events
are then classified into eleven orthogonal categories, according to the values of the
b-tagging discriminant for the jets and the jet multiplicity. A special “boosted”
category is also included in the single lepton channel. In the dilepton channel,
events are required to have two opposite-charge leptons and at least three jets, of
which at least two must be identified as containing b-hadrons. Seven orthogonal
categories are developed.

In each of the category, a BDT selection is employed to separate ttH pro-
duction from background processes. Some of the selected regions are enriched in
the main background processes, tt + light flavor, tt+ > 1b, tt+ > 1c, tt + V and
non-tt.

The ttH multilepton analysis with Higgs boson decays to WW*, ZZ* and 77
exploits seven final states, categorized by the number and flavor of reconstructed
charged lepton candidates, are examined. The number, the charge and the flavor
of leptons, the number of hadronic 7 candidates are used in splitting candidate
events to different categories.

The leptons produced in heavy-flavor decays, from electron charge misre-
construction in events where opposite-sign leptons are produced and from the
production of ¢t + W /Z, photon conversions or misidentified hadronic jets are
the major source of background. Multivariate discriminant techniques are used in

most channels to improve the sensitivity.
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5.3.8 Searches for invisible Higgs boson decays

Searches for decays of the Higgs boson to invisible final states are performed
in three analysis in which events with large missing transverse momentum are
selected. In the VBF analysis, major backgrounds are suppressed by requiring
addition jets in a VBF topology [103]. While in ZH analysis [104] charged leptons
decayed from Z boson are required. And the associated W or Z boson decaying
to hadronic final states are used in the V H-hadronic analysis [105].

In the VBF analysis, the missing transverse momentum is required to be larger
than 180 GeV. The leading background processes, (Z— (1~ )+jets production
and (W— (v)+jets production with an undetected charged lepton, are estimated
in control region data and extrapolated to the signal region using MC simulations.

In the analysis with a leptonically decaying Z boson, The missing trans-
verse momentum is required to be larger than 90 GeV. The dominant background
processes are the non-resonant diboson productions which are estimated from sim-
ulation, including (Z— ¢T¢~)(Z—vv) and (Z— ({7 )(W— {v) production with
an additional undetected charged lepton.

Both the resolved and the boosted event topologies are considered to iden-
tify production in association with a hadronically decaying W and Z boson. The
missing transverse momentum is required to be larger than 150 GeV and 250 GeV
for the resolved and boosted topologies respectively. Events are categorized ac-
cording to the multiplicity of jets tagged as containing b-quarks in both of the
cases. There is a separate category defined for events in which the mass of the
jet system, defined as the dijet mass in the resolved topology and the mass of the
large-radius jet in the merged topology. The main backgrounds, from W +jets,
Z+jets and tt production, are estimated from control regions in data.

The statistical combination of these analyses gives an observed (expected)
upper limit on the branching ratio for Higgs boson decays to invisible final states
of Biny < 0.38 (0.21) at 95% confidence level. These analyses are only included in

the coupling measurements presented in Sections 5.8.2 and 5.8.4.
5.3.9 Off-shell Higgs boson production

The off-shell coupling strength of the observed Higgs boson is measured
through the H* — ZZ final state in the mass range above the 2mj threshold
(off-shell region).There are two analysis, ZZ — 4¢ and ZZ — 2(2v [11] contained
in these measurements.

Assuming that the on-shell and off-shell coupling modifiers are the same, and
that the ratio of the Higgs boson couplings to the SM predictions is independent

of the momentum transfer of the Higgs production mechanism considered in the
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analysis, the total width of the Higgs boson can be constrained from a combination
with the on-shell measurements. It is also assumed that any new physics which
modifies the off-shell signal strength and the off-shell couplings does not modify
the relative phase of the interfering signal and background processes. Further, it
is assumed that there are neither sizeable kinematic modifications to the off-shell
signal nor new sizeable signals in the search region of this analysis unrelated to
an enhanced off-shell signal strength [134, 135].

The analysis in the ZZ — 4/ final state follows closely the Higgs boson
measurements in the same final state, described in Section 5.3.2The off-peak region
is defined to cover the range 220 GeV < my, < 2000 GeV. As for the H —» ZZ* —
4¢ analysis, the background is dominated by ¢G/gg — ZZ production.

The analysis in the ZZ — 2¢2v channel is similar to the one designed to search
for heavy ZZ resonances [136] with the same object definitions. The transverse
mass (mZ7) [11], reconstructed from the momentum of the dilepton system and the
missing transverse momentum, is chosen as the discriminating variable. Events in
the range 250 GeV < m#Z < 2000 GeV are used in a binned maximum likelihood
fit for the final result. SM ZZ and W Z production are the major backgrounds.

These off-shell analyses are only included in the coupling measurements pre-

sented in Section 5.8.4.

5.4 Combination procedure

5.4.1 Input likelihood model modification

The modifications implemented to the input analysis are summarized in this
section.

The combination takes two types of likelihood models from each channel: one
with full theory uncertainty on signal and used for the global signal strength and
r results, denoted as p model, and the other with only theory uncertainty on
acceptance of signal, denoted as cross-section model. For all channels except for
H — pp and VBF, H — bb (which have limited sensitivity and thus only split
into inclusive production modes), the Higgs signal is split into full granularity of
Stage 1 STXS framework (Section 1.3).

For the cross-section model, only the acceptance uncertainty on each STXS
bin is applied. When the bins are merged to provide measurements in coarser gran-
ularity, additional theory uncertainties need to be injected due to the assumption
of SM predicted fraction between bins. For the p model, merging signal strength
parameters is straightforward as full theory uncertainties have been considered.
The merging of STXS bins will be discussed in Section 5.4.2.
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In addition, to facilitate proper correlation of luminosity and branching ra-
tio uncertainties between channels, these two uncertainties are re-parameterized

following the description in Section 5.4.3 and 5.4.4.
5.4.2  Procedure for merging STXS bins

To perform combined STXS-style measurements, all the relevant input chan-
nels have implemented Stage 1 STXS framework. The implementation not only
includes splitting of the signal into STXS truth bins, but also includes proper
treatment of QCD scale and PDF+ag uncertainties.

5.4.2.1 Central values
The number of signal events in reconstruction category r, n,., can be expressed

as the sum of contribution from each STXS truth bin ¢

n, = Ze;iM,C(Bat)SMMt (5.1)

t

SM

Here €,

is the efficiency of STXS truth bin ¢ in reconstruction category r as
predicted by SM, which could be calculated with number of signal events entering
truth bin ¢, n7™, and number signal events entering both truth bin ¢ and reco

category 7, npM

SM

n
M = (5.2)
U

L is the luminosity, (Bo,)*™ is the SM predicted branching ratio times cross
section in bin t. p; is the scale factor on the SM prediction and will be fitted
as the parameter of interest (POI). In the p model, p; is the signal strength. In
the cross section model, pu; represents the fitted cross-section value in the unit
of corresponding SM prediction. The reasons for introducing pu; as parameter of
interest, in particular for model without normalization theoretical systematics, are

the following

« Convenient for merging truth bins. Truth bin merging is frequently exercised
in our measurements, e.g. reducing STXS Stage 1 granularity, measuring the

cross-section of each production mode, etc.

o Convenient for understanding the fitting results: unity means agreement
with SM prediction.

For channels with generator-level filter, the number of events in truth bin ¢

directly derived from the sample is biased by the filter efficiency, €y, and needs

to be corrected for when calculating €2 using the following formula
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ne
nfM = tot At = At (53)
€ filter A Eleter

Here nj,, is the total number of events from the sample with filter, n{ is the
number of events in truth bin ¢ as derived from the sample with filter, and A
is the acceptance of truth bin ¢ as derived from the sample with filter. A; is the
central acceptance value of truth bin ¢ without any filte. In addition, the value of

SM prediction (Bo;)*™ should also be calculated using these values

5.4.2.2  Uncertainties

To simplify the description without losing generality, all the uncertainties dis-
cussed below are assumed to be Gaussian-constrained (in reality, the constraint
pdf can also be log-normal or other types), with the uncertainty magnitude de-
noted as d and the nuisance parameter denoted as 6. Uncertainties from a certain
source could also affect the shape of the template. In such a case, variations in
the shape should be properly correlated with the corresponding variations in the
yield.

For uncertainties on luminosity, it is straightforward to implement in Eq. 5.1

as:

ZegMﬁ(l + 0555 (Bao,)"M 1y (5.4)

t

Other experimental uncertainties would affect 2™ by manifesting as varia-

tions &;.F on the numerator ny™. Therefore the uncertainties can be implemented

as

DM (14 0P L(Bo) ™M p (5.5)

t

Theory uncertainties will affect both n2™ and n7™. Assume the variations
on each component are &, and J;, respectively, then the theory uncertainty on

€ ] .
e;M §¢ | can be implemented as:

L+ 0, .
> eM(1+05;,)L(Boy)® Zeer a5 LBo) ™
: ' (5.6)

~ Zetr 1+ (8, — 6,)]L(Boy)™

Equation. 5.6 is corresponding to the implementation of signal yield in the
cross-section model. Here in the last step, the uncertainty on the denominator

has been Talyor-expanded to the first order. The approximation is introduced to
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ease the implementation.
In the p model, we need to assign additional uncertainty on the SM prediction
( B O't)SM

1+ 65,
D M (14 6055,)L(Boy) M (14 06, ) = e +9§t

t
= Z€tr 1 + 95tr E(BO't)SM/,I/t

E(BO't)SM(l + 9(5t)ut

(5.7)

So in the p model, effectively we are only considering the variation on the
numerator n; M in M.
For channels with filters, evaluation of §; may also be biased by the filter

efficiency.

5.4.2.3 Merging truth bins

The implemented Stage 1 STXS truth binning usually cannot be directly used
for fitting because the granularity is too fine given current data statistics. Instead,
we usually need to reduce the granularity to a reasonable level by merging some
truth bins together. Also, we often would like to measure a specific group of truth
bins.

For the p model, since the full theory uncertainties have been considered,
merging truth bins is as trivial as equating the relevant POIs ;.

For the cross-section model, when merging truth bins we are imposing ad-
ditional assumptions on the relative fraction of each merged bin following SM
prediction. Hence besides equating j;, we also need to inject the additional the-
ory uncertainties introduced by the merging.

Consider the simplest case where we merge two truth bins with indices “1”
and “2” into one truth bin “12”. In reconstruction category r, originally in the

two bins we have

€1 2r£(B01 2) MM1,2 (5.8)

After merging, we have p1 = o = p12. Denote o195 = 01 + 09, in bin “1” we

should now have

SM nler SM n1SM ”i{w SM
617« E(BUI) Hi2 = ng—Mﬁ(BUu) Wﬂm WE(BUH) H12
1 1 2

(5.9)

Here we rewrite o7 in terms of o5 to reflect the additional model assumption
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imposed by merging the two truth bins. So the theory uncertainty for the merged

bin “12” should reflect the variations on ny™, n?™ and n3™. With some simple

algbra we could get the new uncertainty to be multiplied to the efficiency factor

SM
617"

nfMél + n§M52

1+6(6, —
(01 nyM 4 ngM

) (5.10)

Compared with the original uncertainty on truth bin “1” in reconstruction

category r, 01, — 01, the extra uncertainty added is

TL'IS'M(Sl + ’n/gM(;g

ngM 4+ ngM

A, = 6, — (5.11)

This can be easily generalized to the situation of merging an arbitrary number
of truth bins. Let index ¢ run over all the truth bins to be merged, then the

additional theory uncertainty to be applied to truth bin ¢ can be expressed as

SM

SM
iy

The additional uncertainty does not depend on the reconstruction level selec-
tion since the assumption made is only between truth bins.

The Tables 5.3 and 5.4 show the addtional PDF and QCD scale uncertainties
when merging STXS stage 1 bins into five production modes (ggF, VBF, WH,
ZH, ttH). Uncertainties with a contribution smaller than 0.5% are ignored. The
uncertainties in the Tables 5.3 and 5.4 are injected into H — vy, H — ZZ™),
H — WW® and H — 77 input channels.

The STXS granularities in the VH — bb channel are different with other
channels (3 for the WH, 3 for the gqqZH and 3 for the ggZH), also the un-
certainty schema are different. The dedicated PDF and QCD scale additional
uncertainties when merging the stage 1 bins into W H and ZH production modes
are summarized in the Tables 5.5 and 5.6. The uncertainty less than 0.5% will be

ignored. The uncertainties are only injected into the VH — bb input channel.

5.4.2.4 Treatment of bbH and ggZH production modes

In the STXS measurements, bbH should be merged into gg — H. But in the
H — ~v channel, there is only 1 bbH bin, which cannot be merged into multiple
gg2H Stage 1 bins. Thus in the STXS measurements, the cross sections of gg2H
Stage 1 bins are scaled by (04r + Otm)/04er. The scale is only appied to the
channel where there are bbH categories (H — vy and H — ZZ).

There are 9 VHlep Stage 1 bins in the VH — bb: 3 production modes (¢G —
WH/ZH, ggZH) times 3 p¥ bins ([0, 150], [150,250], [250, 00] GeV). While the
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standard VHlep stage 1 framework is different: The intermediate p¥ bin in the
qq — W H/ZH is further split into 0 jet and > 1 jet bins; There is no p¥. boundary
at 250 GeV in the ggZH and the last bin is also split into 0 jet and > 1 jet bins.
Since the V. H — bb is the most sensitive channel in measuring the VHlep STXS
bins, the VHlep stage 1 framework in the H — vy, H - ZZ and H — WW is
modified to be same to the one in the V. H — bb: Jet bins are merged; Assume the
efficiencies in the ggZH pX [150,250] and [250, 00] GeV bins are the same, then
the ggZ H pY. [150, 00] GeV bin can be split out by the cross sections of the 2 finer

bins: 1150 - 02150 = H1s0.250] 0515\/[0,250} + f250 - T3550-
5.4.3 Luminosity uncertainty splitting

The uncertainty on luminosity for the analyses based on data collected in the
years 2015-2017 (H — vy , H—ZZ®—4¢ , VH(bb), H — pu) is 2.0%, and
it is 2.1% for the analyses based on data collected in the years 2015-2016 (other
analyses) '.

The correlation of the luminosity uncertainty between these two types of anal-
yses is considered by splitting the uncertainty into correlated and uncorrelated
part following the recommendation of the luminosity working group. A 1.51% un-
certainty is correlated between 2015-2016 and 2015-2017 dataset. The remaining

uncertainties, 1.61% from 2015-2016 and 1.27% from 2015-2017, are uncorrelated.

5.4.4 Re-implementation of branching ratio uncertainty

The values of the uncertainties are calculated by the LHC Higgs Cross sec-
tion working group. There are two classes of uncertainties affecting the branching
ratio: theoretical uncertainties (ATHU) and parametric ones (APU(m,) and
APU(as)). In individual channels, the branching ration uncertainty is imple-
mented with one nuisance parameter, corresponding to the total uncertainties

calculated as:

A(BR) = ATHU + \/APU(m,)? + APU(a,)? (5.13)

In the combination, a full model with uncertainty split into different sources
summarized in Table 5.7 is implemented to replace the one NP model used in
individual channels for all the workspaces, in order to properly handle the corre-
lation between channels. Each uncertainty source in Table 5.7 is constrained by a
log-normal pdf. Uncertainties below 0.1% are not considered. In addition, the ag

uncertainty from branching ratio is correlated with the one from PDF.

Thttps://twiki.cern.ch/twiki/bin/viewauth/Atlas/LuminosityForPhysics
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Channel BR s my me THowb TH7r THpp THee THgg THVV  TH~y TH Zy
H — bb 5.81E-01 | -0.78 0.71  -0.15 0.21 -0.03 <0.01 -0.01 -0.26 -0.12 <0.01 -0.01
H — 77 | 6.26E-02 | 0.63 -0.99 -0.15 -0.29 0.47 <0.01 -0.01 -0.26 -0.12 <0.01 -0.01
H— pp | 217E-04 | 063  -099 -0.15 -0.29 -0.03 0.50 -0.01 -0.26 -0.12 <0.01 -0.01
H —cc | 2.88E-02 | -0.38 -0.99 5.18 -0.29 -0.03 <0.01 0.49 -0.26 -0.12 <0.01 -0.01
H —gg | 818E-02 | 3.65 -099 -0.15 -0.29 -0.03 <0.01 -0.01 2.94 -0.12 <0.01 -0.01
H — vy 2.27E-03 0.63 -0.99 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 -0.12 1.00 -0.01
H — Zv | 1.54E-03 | 0.63 -0.99 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 -0.12 <0.01 4.99
H—VV | 242E-01 | 0.63 -0.99 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 0.38 <0.01 -0.01

Table. 5.7: Summary of branching ratios of each decay channel and the correspond-
ing branching ratio uncertainties (as percents) splitting into different sources used
in the combination.

5.4.5 Scaling of Higgs boson mass

While the Higgs boson mass of 125.09 GeV from Run 1 ATLAS-CMS com-
bination is assumed for the combination, input channels are mostly based on
mp = 125 GeV except for H — 77. The production cross-sections and decay
branching ratios in these channels thus need to be corrected for the 0.09 GeV
mass difference. The production cross-section difference between 125 GeV and
125.09 GeV (0.1 — 0.2%) is well below the theory uncertainty and can be ne-
glected. The branching ratio variation is also negligible except for H — V'V,
which is close to 1%. Therefore, only the variation of H — V'V branching ratio
from 125 GeV to 125.09 GeV is corrected in the input workspaces. The shape
variation due to the mass difference is negligible even in H— ZZ®*)— 4¢ channel,

where the signal mass resolution is not exploited in the coupling analysis.

5.5 Statistical model

5.5.1 Measurement Likelihood

The statistical methods used in this chapter also follow those of Ref. [81] and
Ref. [82]. The likelihood of each input analysis a can be written as

N((:lats Ngons
L(p,6;data) = [] £2(u.0;data) [ G(6is; 6ia) (5.14)
c=1 k=1

where g and 0 are the vectors of POIs and NPs respectively, NZ .. is the number of

cats

categories in the analysis a, L7 is the likelihood function for category ¢, if...i%a
are the indices of the constrained nuisance parameters, G denotes a unit Gaussian
and QNZ-Z is the global observable corresponding to 6;e.

The combined likelihood is obtained by including all the categories from each

input analysis, and the constraints for all constrained nuisance parameters. It can
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be written as

Ncats Ncons
L(p,0;data) = ] Lo(p, 6;data) [ G(64; 6k) (5.15)
c=1 k=1

where Neags = Y, N, and Neoys is the overall number of constrained nuisance
parameters.

The per-category likelihood in the analysis categories, for example, Equa-
tion 4.7.3 in H — v analysis, is expressed in binned form as the product of

Poisson distributions. It can be generally written as:

Lo(p,0;data) = [ Pois(> Np (m) + Y N§, . n) (5.16)
i=1 s b

where n; is the observed number of data events in each bin and ) N (u)+>_ Np,
b

is the signal plus background yields, similary to the unbinnesd case above but
usually with several background components By.

Equation 4.10 is also used to measure the parameters of interest, based on
the profile likelihood ratio [81].

In the asymptotic regime, in which the likelihood is approximately Gaussian,
the value of —2In A(v) follows a x? distribution with a number of degrees of
freedom n equal to the dimensionality of the vector v [81]. This property is
assumed to hold for all the results presented in the following sections. Confidence
intervals for a confidence level (CL) 1—p are then defined as the regions with values
of =2In A(v) below a threshold FX_%I(I —p), where Fx_%l is the quantile function of
the x? distribution with n degrees of freedom.

The CL; prescription [137] is applied when setting upper limits on parameters
directly related to measured event rates such as production cross sections.

For relevant parameters of interest, a physical boundary on the parameter
values is included in the statistical interpretation. For example, branching ratio
parameters cannot conceptually be smaller than zero. The 95% confidence interval
quoted for such parameters is then based on the profile likelihood ratio restricted
to the allowed region of parameter space, using the fﬂ test statistic of Ref. [81].
The confidence interval is defined by the standard x? cutoff, which leads to some

over-coverage near the boundaries.

5.5.2 Generation of Asimov dataset

Asimov datasetis used produce expected results corresponding to the SM
prediction in this note. Conventionally, it is produced using the pdf profiled to
the data with signal yields fixed to the SM values (reflecting the SM assumption).
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This prescription, however, does not work here for the following two reasons:

« Several types of measurements/tests (inclusive production mode cross-sections,
STXS, signal strength/kappa, etc.), which differ in theory uncertainty imple-
mentation, are performed in this study. If the Asimov dataset is produced
with the conventional procedure, i.e. fixing the signal yields to SM, the
difference in theory uncertainty implementation, which is not trivial consid-
ering the current theory uncertainties on SM predictions are large (e.g. 5%
on ggF inclusive cross-section), will lead to inconsistency in SM predictions

used by these measurements/tests.

o There is a risk of biasing the background estimation by fixing the signal yield
to the current theory prediction, due to its potential deviation from the real
physics value.

To amend the prescription, the signal yields are profiled to data together
with other nuisance parameters instead of fixed to SM when generating Asimov
dataset, such that the tension between the data and the SM prediction will be
mostly absorbed by the floating signal yields. The signal yields are then set back
to SM prediction for producing the Asimov dataset, while the nuisance parameters
remain at their profiled values. The global observables will be fixed to the profiled
value of corresponding nuisance parameters later when fitting the Asimov dataset.

There are three points to clarify:

o Choice of signal parameterization: to minimize the potential bias on the
background estimation due to model dependence, the signal parameteri-
zation with finest granularity is always used when profiling to data. For
inclusive production mode cross-sections/signal strength/kappa and BSM
interpretations, the signal is split into different production modes and decay
channels (Section 5.6.3). For STXS results, the corresponding STXS pa-
rameterizations are directly used (we could not use STXS parameterization
for inclusive cross-section measurements due to the difference in the input
channels, i.e. VBF, H — bb is missing in STXS).

« Even with signal yields profiled to data, there will still be small difference be-
tween Asimov dataset generated for different set of measurements/tests due
to difference in signal parameterization and theory uncertainty implemen-
tations. These difference are small, and justified for the reason of ensuring

good closure with SM prediction.

o The combined workspace is used to generate Asimov dataset.
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5.5.3 Compatibility with the Standard Model

The compatibility with the Standard Model is quantified using the test statis-
tic Asyq = —2InA(v = vgy), where vgy are the Standard Model values of the
parameters of interest. A p-value? pgy for the compatibility is computed in the
asymptotic approximation as psy = 1 — Fy2 (Agm), with n equal to the number
of free parameters of interest. For the cross section and branching ratio measure-
ments in this paper, this definition does not account for the uncertainties on the
SM values used as reference and may therefore lead to an underestimate of the
compatibility with the SM.

5.6 Combined measurements of signal strength, production cross sec-

tions and branching ratios

5.6.1 Global signal strength

This subsection discusses the measurements of the a global strength parame-
ter v applied to all measured signal yields, which is the ratio of an observed yield
to its SM expectation as shown in Equation 4.1. The uncertainties on the SM
predictions are included as nuisance parameters in the measurement of the signal

strength modifiers, following the introduction in Section 5.5.
po= 1111500 = 1.11 £ 0.05 (stat.) 7003 (exp.) 7003 (sig. th.) 4 0.03 (bkg. th.)

where a the total uncertainty is divided into statistical uncertainties, experimen-
tal systematic uncertainties, and theory uncertainties on signal and background
modeling.

Figure 5.1 shows the value of —2In A(p) as a function of p, for the full likeli-
hood and the curves showing the error decompositions.

The compatibility with the SM prediction correponds to a p-value of pgy =
18% computed by using the methodology described in Section 5.5 with one degree
of freedom.

The leading uncertainties of the global signal strength measurement are shown
in Table 5.8. The theory modeling of the signal and background processes in
Monte-carlo simulation are the dominant uncertainties. Uncertainties relate to
the luminosity measurement; photons and electron selection efficiencies, energy

scale and energy resolution also play important roles in the measurement.

2The p-value is defined as the probability to obtain a value of the test statistic that is at least
as high as the observed value under the hypothesis that is being tested.
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Uncertainty source Apfp (%]

Statistical uncertainty 4.4
Systematic uncertainties 6.2
Theory uncertainties 4.8
Signal 4.2
Background 2.6
Experimental uncertainties (excl. MC stat.) 4.1
Luminosity 2.0
Background modeling 1.6

Jets, Emiss 1.4
Flavour tagging 1.1
Electrons, photons 2.2

Muons 0.2
T-lepton 0.4

Other 1.6

MC statistical uncertainty 1.7
Total uncertainty 7.6

Table. 5.8: Summary of the relative uncertainties Ay /p in the measurement of
the combined global signal strength pu. “MC stat.” refers to uncertainties due to
the limited number of simulated events. “Other” refers to the combined effect
of the sources of experimental systematic uncertainty not explicitly listed in the
table.
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Fig. 5.1: Value of —2In A(p) as a function of p with all systematic uncertainties
included (solid black line), with theory uncertainties on background processes
removed (solid blue line), with the additionally removing theory uncertainties on
the signal process (solid red line) and all systematic uncertainties (dotted black
line).

5.6.2 Production cross sections

The major Higgs boson production modes (Section 1.2) are studied, including
geF, VBF, WH, ZH and ttH+tH. In this measurement, the POIs are the cross-
sections for those main Higgs production modes. The measurement is performed
assuming SM values for the branching ratios of all the decay channels of the Higgs
boson. The combination assumes the relative fractions of each component to
be as in the SM when cases where several processes are combined, with theory
uncertainties assigned. The small contribution from bbH is grouped with ggF.
Cross sections are reported in the region |yg| < 2.5 of the Higgs boson rapidity
Yu-

Figure 5.2 and Table 5.9 show the result. Table 5.10 summarizes The lead-
ing sources of uncertainty on the production cross section measurements. The
correlations in this measurement are shown in Figure 5.3.

The correlation between the ggF and VBF processes is —15%, indicating a
good performance in developing ggF and VBF-enriched categories. The consis-
tency between the measurement and the SM prediction corresponds to a p-value of
psm = 76%, computed using the procedure outlined in Section 5.5 with 5 degrees
of freedom.

Figure 5.4 shows the observed likelihood contours in the plane of ogr ver-
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Vs=13TeV, 24.5-79.8 fo
m,, =125.09 GeV, ly, | <2.5
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ATLAS —e— Total Stat. [ Syst. SM

P, = 76% Total Stat. Syst.
|
ogF === 1.04 +0.09(£0.07, fg:g;

)
)
)
)
)

06 08 1 12 14 16 18 2 22 24

2.6

Cross section normalized to SM value

Fig. 5.2: Cross sections for ggF, VBF, WH, ZH and ttH+tH normalized to their
SM predictions. The black error bars, yellow boxes and blue boxes show the total,
statistical, and systematic uncertainties, respectively. The gray bands show the

theory uncertainties in the predicted cross sections.

Process Value Uncertainty [pb] SM pred. Significance
(lym| < 2.5) | [pb] | Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)

ggF 46.5 | £4.0 +3.1  +22  £0.9 +1.3 | 447422 -

VBF 4.25 | 081 pes 088 4042 0141 35154 0.075 | 6.5 (5.3)

WH L57 | 1948 Aosr 0z A0 £0.20 | 1.204 £ 0.024 | 3.5 (2.7) }5.3 )
ZH 0.84 | 02 4019 40.09 407 +0.10 | 0.7970%% | 3.6 (3.6)

tEH+tH 071 | *015 4010 +0.07 *0% 008 1 0.5861001 | 5.8 (5.4)

Table. 5.9: Best-fit values and decomposed uncertainties for the production cross
sections of the Higgs boson. SM predictions [3] are shown for the cross section of
each production process. The observed (obs.) and expected (exp.) significances

of the observed signals relative to the no-signal hypothesis are
processes except ggF | which was observed in Run 1.
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Vs=13TeV,24.5-79.8fb"
ATLAS my;=125.09 GeV, |y, | <2.5
1

S, = - X
goF 0.06 0.01 0.08 0.8%
0.6
Oy 0.4
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S ttHaiH 08

(o) ©
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Fig. 5.3: Correlation matrix for the measurement of production cross sections of
the Higgs boson.

Uncertainty source Aoggr [%] Aover [of]  Aowa [g7]  Aozu (o) 9w (%]
TggF OVBF OWH OZH OttH+tH

Statistical uncertainties 6.4 15 21 23 14
Systematic uncertainties 6.2 12 22 17 15
Theory uncertainties 34 9.2 14 14 12
Signal 2.0 8.7 5.8 6.7 6.3
Background 2.7 3.0 13 12 10
Experimental uncertainties (excl. MC stat.) 5.0 6.5 9.9 9.6 9.2
Luminosity 2.1 1.8 1.8 1.8 3.1
Background modeling 2.5 2.2 4.7 2.9 5.7

Jets, Eipiss 0.9 5.4 3.0 3.3 4.0
Flavour tagging 0.9 1.3 7.9 8.0 1.8
Electrons, photons 2.5 1.7 1.8 1.5 3.8

Muons 0.4 0.3 0.1 0.2 0.5
T-lepton 0.2 1.3 0.3 0.1 2.4

Other 2.5 1.2 0.3 1.1 0.8

MC statistical uncertainties 1.6 4.8 8.8 7.9 44
Total uncertainties 8.9 19 30 29 21

Table. 5.10: Summary of the uncertainties in the production cross section mea-
surements.
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sus oygr from individual channels and the combined fit, together with the SM

prediction.
—_ T T T 1 T T T T ] T T
2 20| ATLAS Internal —Hoyy
= | V5=13 TeV, 245 - 79.8 fo~' —Hs 77 i
m : my = 125.09 GeV, IyHl < 25 :
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Fig. 5.4: Observed likelihood contours in the plane of oygp versus oz from
individual channels and the combined fit.

All the major production modes have reached observed significances above 5.
For the W H and ZH modes, these are 3.50 (2.70) and 3.60 (3.60), respectively.
The single V H process with combining W H and ZH production by the ratio of
the SM predicted value gives an observed (expected) significance for this process
of 5.30 (4.70). For the ttH + tH production, the observed (expected) significance
is 5.80 (5.40). For the VBF process, the observed (expected) significance is 6.50
(5.30). It is the first single-experiment observation of the VBF production mode.

5.6.3 Products of production cross sections and branching ratios

The major production modes ggF, VBF, V Hand ttH cross sections are mea-
sured in each individual decay channel with a sufficient sensitivity. The W H and
Z H are considered together as a single VH process as they cannot be reliably
determined in all decay channels except H — bb. For the ttH production mode,
we merge H — WW® and H — ZZ®™ channels since there is no sensitivity
to separate the two. Similarly, the contribution from H — bb to the ggF pro-
duction mode is fixed to its SM prediction. In addition, the bbH, tHand ggZH
contributions are included in the ggF, ttH and V H measurements, respectively.

The results are shown in Figure 5.5 and Table 5.11. Figure 5.6 shows the cor-
relation matrix. Due to the cross-contamination, the relatively large correlations
are found between the ttH, H — VV* and ttH, H — 77 processes, and between
the ggF', H — 77 and VBF, H — 77 processes. The compatibility between

145



the measurement and the SM prediction corresponds to a p-value of psy = 71%,

computed using the procedure described in Section 5.5 with 16 degrees of freedom.

ATLAS —— Total | |Stat. ==Syst. 1" SM
{s=13TeV, 24.5-79.8 fb
m, =125.09 GeV, |yH| <25
P =71%
SM
Total Stat. Syst.
1
Y 'ﬂi' 0.96 o014 (011 , T0%)
= 2z HI"' 1.04 7318 (1014 , z006)
g9 ww+ '?E' 1.08 +o019 (011 , +0.15)
o ] 096 ‘5% (103 . ‘0%)
____________ comb. @& 104 oo (o007, 'opg)
Y pre=r 139 204 (9% L 8%
zz* == 268 ‘0% (o8t . 0%)
Ww~ k== 059 0% (0% . xoz1)
VBF o o .
T == 116 0% (oe » 10%)
bb | — — 301 ie (518 L o)
comb. fem 121 9% (S5 ot
-0.54 -049 » -0.22
ZZ* l 068 +1.20 (+1.18 +O.18)
. -0.78 -0.77 » -0.11
VH bE 119 +0.27 ( +0.18 +0.20 )
. -0.25 -0.17 » -0.18
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W e 150 02 (108 e
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comb %I 121 028 (1047, 7020
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Fig. 5.5: Cross sections times branching fraction for ggF, VBF, VH and
ttH+tHproduction in each relevant decay mode, normalized to their SM pre-
dictions shown in Table 5.11.
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Lyl

Process Value Uncertainty [fb] SM pred.
(lym| < 2.5) [fb] | Total  Stat. Exp.  Sig. th. Bkg. th. [fb]
ggF, H— yy 97 | £14  +11 +8 +2 +21101.5+5.3
geF, H — 27 1230 | 1150 £170  £60 420 +20 | 1181 +61
geF, H — WW® | 10400 | £1800 41100 41100 =380 9891 9600 + 500
geF, H — 77 2700 | TI0 41000 4920 51 A% | 2800 4 140
VBF, H— vy 1 | 52 28 iy 3 031 7.98+£0.21
VBF, H — ZZ®) 249 | 9 8 e Y 1 928+23
VBF, H - WW® | 450 | 210 +220 e e 0 756 £ 19
VBF, H — 77 260 | t1a0 90 8 Bty 0 22046
VBF, H — bb 6100 | *3300  Ti00 T £300 4300 | 2040 % 50
VH, H— vy 50 |38 1) e 405 +0.1 | 4.547913
VH, H— ZZ® 36 | 9 e - i 1 528+1.4
VH, H— bb 1380 | £350 300 +150  Fg +140 | 116213}
ttH+tH, H— vy 146 | %2 4 e o +0.03 | 1.3310%
ttH+tH, H - VV* | 212 | % e i e UL 14978
ttH+tH, H — 77 51 | T4 3 2 - B 36.7122
ttH+tH, H — bb 270 | £200 +100  +80 % O 34172

Table. 5.11: Best-fit values and uncertainties for the production cross sections times branching ratios of the Higgs boson, for the com-
binations in which sufficient sensitivity is provided by the input analyses. The total uncertainties are decomposed into components for
data statistics (Stat.), experimental systematic uncertainties (Exp.), and theory uncertainties in the modeling of the signal (Sig. th.) and
background (Bkg. th.) processes.
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Fig. 5.6: Correlation matrix for the measured values of the production cross sec-
tions times branching ratios of the Higgs boson

5.6.4 Ratios of cross sections and branching fractions

In Section 5.6.3, products of (¢ x B);s are measured. The reference process
g9 - H — Z7* (ang%) can be used to decompose the production and decay.
(0 x B);s can be expressed as ratios of production cross sections to that of ggF,

0;/0ger, and ratios of branching fractions to that of H — ZZ ) B #/Bzz:

(0 x B)yy = 07%.. ( 7 ) : (ﬂ) : (5.17)

OggF Bzz

Figure 5.7 and Table 5.12 summarize the results. The compatibility between
the measurements and the SM predictions corresponds to a p-value of pgy = 93%,

computed using the procedure outlined in Section 5.5 with 9 degrees of freedom.
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ATLAS e Total Stat. == Syst. || SM
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Fig. 5.7: Results of a simultaneous fit for those ratio parameters: Jng%, OVBF/OggF,
UWH/UggF: UZH/UggFa atfH—f—tH/aggFa B’Y’Y/BZZ7 BWW/BZZa BTT/BZZ7 and Bbb/BZZ-

Quantity Value Uncertainty SM prediction
Total  Stat. Exp. Sig. th. Bkg. th.

oZ% pb] | 1.33 | 4015 *0M 4006 40.02  +0.04 | 1.181+0.061
OVBF/Tger 0.097 | 555 ooz Toms  Tooos  Tooos | 0-0786 4 0.0043
oW /T 0.034 | 055 0005 fooe  Tooe  Tooos | 0026975503
0211/ Tger 0.0180 | *05os o052 ‘oot oo toooss | 0-0178%55Gk
Ot +tH | T 0.0157 | “000s5 000 ‘o001 —ooos  tooors | 0-0131%000i
B,,/Bzz 0.075 | 0010 Toose  Tooos fooer £0.002 | 0.0860 £ 0.0010
Bww/Bzz 6.8 | M5 T S8 402 061815+ < 0.01
B../Bzz 204 | 0% E 0 R oo 012 19369 4 0.017
Bu/Bzz 205 | T8y 52 A 21 22,00 +0.51
Table. 5.12: Best-fit values and uncertainties for o7, together with ratios of

production cross sections normalized to g, and ratios of branching fractions
normalized to Bzz. The total uncertainties are decomposed into components for
data statistics (Stat.), experimental systematic uncertainties (Exp.), and theory
uncertainties in the modeling of the signal (Sig. th.) and background (Bkg. th.)
processes.
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5.7  Combined measurements of simplified template cross sections

5.7.1 Simplified template cross section merging scheme

The Stage 1 splitting of the STXS framework [3] described in Section 1.3 are
performed in this combined measurement.

A reduced splitting is adopted due to to the limited sensitivity to the cross
section in some bins of the Stage 1 scheme cased by the limited data statistics.

The definition of the merged groups of Stage 1 bins for each process are as follows:

e gg — H is separated into six regions initially defined by 0, 1 and 2 or more
associated jets. Regions with at least one jet are further divided by the Higgs
boson transverse momentum p4 pi < 60 GeV, 60 GeV < pH < 120 GeV and
120 GeV < pif < 200GeV. An additional region is defined for events with
one or more jets and with the highest p¥ > 200 GeV, providing sensitivity
to the potential BSM effects at high momentum transfer.

e qq — Hqq is divided in to three regions, including all ¢q¢ — Hqq production
—not only VBF but also VH with hadronic V' decays. At Stage 1 the two
components are however separated through events kinematics into a high-
pT category with leading jet pgf is > 200 GeV and sensitive to the potential
BSM effects. A V H-like categories is then defined with p?r < 200 GeV and
the presence of two jets with an invariant mass m;; in the range 60 < m,; <
120 GeV. The last one is the remaining events, including events with VBF-
like topology, containing two jets with m;; > 400 GeV and a pseudorapidity
difference |An;;| > 2.8, and also events don’t meet requirements of the above

categories.

« V(lep)H contains two processes q¢ — WH and pp — ZH, the latter in-
cluding both quark-initiated and gluon-initiated production. The transverse
momentum of the W or Z, p}, are used to further split events. For the
qq — W H process two bins are defined for p}. < 250 GeV and p¥. > 250 GeV,
while for pp — Z H three bins are defined for p¥ < 150 GeV, 150 GeV < p¥ <
250 GeV and p¥ > 250 GeV.

Figure 5.8 shows the merging scheme applied in this measurement.

The H— ~7y analysis provides the leading contributions to all gg — H re-
gions except 0-jet, which is dominated by the H— WW®) — ey analysis. In the
qq — Hqq sector, the leading sensitivities are still given by the H— ~~ analysis.
The only exception is the pff > 200 GeV region, where H — 77 dominates the
sensitivity. The major sensitivity in V (lep) H regions is given by the VH, H — bb
analysis. The ttH+tH is dominated by the H— ~~ and t¢H multilepton analyses.

150



V(lep)H

—>| qq— Hlv, p,¥ <250 GeV |
_>| 4q— Hiv, p,” >250 GeV |

—>| gg/qq— Hil, p,” < 150 GeV |

>i gg/aq— HIl, 150 <p.” < 250 GeV |

—>| gg/qq— Hil, p,” >250 GeV |

Fig. 5.8: Definition of the STXS merging scheme. The bbH production mode is
considered as part of gg — H.

The parameters of interest of the form (o x B);; denoting the cross section
times branching ratio in STXS region ¢ and decay channel f. The acceptance
factors (e x A)ff for each analysis category k are determined from SM Higgs boson
production processes, modeled using the samples described in Section 5.2, and act
as templates in the fits of the STXS cross sections to the data. The dependence
on the theory assumptions is reduced compared to the measurement of the total
cross sections in each production mode, since the (e X A)ff are computed over
smaller regions. Assumptions on the kinematics within a given STXS region lead
to some model-dependence, which reduced further using a finer splitting of the

phase space where this is justified by the experimental precision.
5.7.2 Results

Giving that it is precisely measured and exhibits small systematic uncertain-
ties, the H — ZZ™ decay is chosen to be the benchmark process in all fitted
parameters for the combined STXS measurements. The production are expressed
as the Higgs boson production in STXS region i times the branching fraction for
the H — ZZ™) decay, (¢ x B); 7z, and the branching fractions are expressed as
B¢/Byz for the other final states f.

—_
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(0 % B)is = (0 % Blisz - (BB—ZJ‘) | (5.18)

The normalized-to-SM results are shown in Figure 5.9, the cross-section num-
ber results are summarized in Figure 5.10 and Table 5.13. The correlations be-
tween the measured parameters are shown in Figure 5.11.

The observed upper limits at 95% CL on the cross sections in the gqg —
Hqq, (V — qq)H and qq — Hgqq, p]T > 200 GeV bins are found to be 1.45 pb
and 0.59 pb, respectively. The corresponding expected upper limits are 1.53 pb and
0.80 pb, respectively.

The 19-D compatibility between the measurement and the SM prediction
corresponds to a p-value of psy = 88%.
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Fig. 5.9: Best-fit values and uncertainties for the cross sections in each measure-

ment region and of the ratios of branching fractions B;/Bz, normalized to the
SM predictions for the various parameters.
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Fig. 5.10: Best-fit values and uncertainties for the cross sections in each measure-
ment region and of the ratios of branching fractions By/By.
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Measurement region ((O’i x Bzz)/ B?g) Result [pb] To[tjaricerséizilz.y [ijfst. SM prediction [pb]
g9 — H, 0-jet 35.5 39t s 27.5+1.8
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g9 — H, 1-jet, 120 < p¥ < 200 GeV 1.0 *06 405 103 0.75 4+ 0.15
g9 — H, > l-jet, pi > 200 GeV 12 *05 404 403 0.59 + 0.16
g9 — H, > 2-jet, pf < 200 GeV 54 *210 422 Ay 48+1.0
qq — Hqq, q¢ — q¢'H topo + Rest 6.4 T1% e o 4.07 £ 0.09
qq — Hqq, g4 — WH/ZH topo —0.06 I 8 1 0.515 4 0.019
qq — Hqq, p) > 200 GeV —0.21 £0.33 f93% oo 0.220 + 0.005
qq — Hlv, pY. < 250 GeV 0.90 45 *oas Hoa 0.393 = 0.009
qq — Hiv, p¥ > 250 GeV 0.023 Thore  Tools fooes|  0.0122 £ 0.0006
99/qq — HeL, pY < 150 GeV 0.17 193 +£0.20 193 0.200 £ 0.008
99/qq — HL, 150 < p¥. < 250 GeV 0.028 T00s2  Tooes fooa | 0.0324 £0.0041
99/aq — HUL, py > 250 GeV 0.024 *Jga  ro016 +0020 1 0.0083 4 0.0009
qq/99 — ttH+tH 0.84 *0i  “0i6  foun 0.59*5:05
Branching fraction ratio Result Uncertainty SM prediction
g
Total Stat.  Syst.
B.,/Bzz, 0.074 *o012  Tooee  tooes | 0.0860 4 0.0010
By;/Bzz 14 *5 2 9 22.0+0.5
Bww/Bzz 7.0 5 s e 8.154+ < 0.01
B,./Bzz 2.1 9f  x05 193 2.37 £ 0.02

Table. 5.13: Best-fit values and uncertainties for the cross sections in each measurement region, and of the ratios of branching fractions
Bf/Bzz. The total uncertainties are decomposed into components for data statistics (Stat.) and systematic uncertainties (Syst.). The
SM predictions [3] are also shown for each quantity with their total uncertainties.
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Fig. 5.11: Correlation matrix for the measured values of the simplified template
cross sections and ratios of branching fractions.

5.8 Interpretation of results in the x framework

Following the tree-level-motivated framework and benchmark models (Ref. [2],
Section 1.4), measurements of Higgs boson coupling-strength modifiers ; are im-
plemented in this combined measurement, to provide a consistent treatment of
coupling strengths in Higgs boson production and decay modes. Multiple param-

eterizations are adopted and presented in this section.

5.8.1 Fermion and gauge boson couplings

The model studied in this section probes the universal coupling strength scale
factors Ky = kw = Kz for all vector bosons and Kp = k; = Ky = Kk, = K, for all
fermions. The effective couplings corresponding to the ggH and H — vy vertex
loops are resolved in terms of the fundamental SM couplings. It is assumed that
there are no invisible or undetected Higgs boson decays, i.e. B,y = Bunget = 0.
ky > 0 and kp > 0 are assumed as a negative relative sign has been excluded [94].

The best-fit values and uncertainties from a combined fit are
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ky = 1.05 £ 0.04
kp = 1.05 £ 0.09.

The scan results are shown in Fig. 5.12, the expected values are ky = 1.00700;

and kp = 1.005509 at 68% C.L..

Figure 5.13 shows the results of the combined fit in the (ky, xp) plane as
well as the contributions of the individual decay modes in this benchmark model.
Both ky and kg are measured to be compatible with the SM expectation.

The compatibility of the SM hypothesis with the best fit point corresponds
to a p-value of psy = 41%), computed using the procedure outlined in Section 5.5
with two degrees of freedom. In the combined measurement a linear correlation

of 44% between ky and kp is observed.
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Fig. 5.12: NLL scan of (a) xy and (b) kp.

Figure 5.14 shows the same combined contours as shown in Figure 5.13, with-

out the contours for the inputs analyses overlaid.
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Fig. 5.13: Negative log-likelihood contours at 68% and 95% CL in the (/{{/, /{{;)
plane for the individual decay modes and their combination (kr versus ky shown
in black) assuming the coupling strength of fermions and vector bosons to be
positive. No contributions from invisible or undetected Higgs boson decays are
assumed. The long tails in the H — bb(H — WW®) contours towards high
values of |ky|(|kr|) are the result of an asymptotically disappearing sensitivity
of the observed signal strength in the bb(WW ™)) final states to sy (kp) at large
values of ky (kr). The best fit value for each measurement is indicated by a cross
while the SM hypothesis is indicated by a star.
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Fig. 5.14: Observed contours at 68% and 95% CL in the (kp, ky) plane, defined
in the asymptotic approximation by —2In A = 2.28 and 5.99, respectively. The
cross indicates the best-fit value and the star indicates the SM prediction.
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5.8.2  Probing BSM contributions in loops and decays

The effective coupling strengths to photons and gluons in loops k- and x4 are
measured. These parameters are defined to be positive as there is by construction
no sensitivity to the sign of these coupling strengths. The modifiers corresponding
to loop-induced processes are resolved. All the other coupling strength modifiers
of known SM particles are set to the SM predictions. The potential new particles
contributing to these vertex loops may or may not contribute to the total width
of the Higgs boson through invisible or undetected BSM decays. In the former
case, the total width is parametrized in terms of the branching fractions B;,, and
Bundet defined in Section 1.4. Assuming Bi,, = Bunget = 0, the best-fit values and

uncertainties from a combined fit are

K, = 1.00 = 0.06

— +0.07

Figure 5.15 shows the observed and expected negative log-likelihood scans of
the k, and k, parameters under the assumption that Bi,, = Bundet = 0.

Figure 5.16 shows log-likelihood contours obtained from the combined fit in
the (k,, Ky) plane under the assumption that Bi,, = Bunges = 0. Both s, and
kg4 are measured to be compatible with the SM expectation. The compatibility of
the SM hypothesis with the best fit point corresponds to a p-value of pgy = 88%,
computed using the procedure outlined in Section 5.5 with two degrees of freedom.
In the combined measurement a linear correlation of —44% between k., and &, is
observed, mainly due to the constraint on their product from the rate of H — vy
decays in the gg — H channel.

When consider Bj,, and Buyget as independent parameters in the Higgs total
width, the analysis of Higgs boson decays to invisible final states (Section 5.3.8)
are included in the combination and used to constrain B;,,. The Bynqet parameter
is constrained by decay modes that do not involve a loop process. The results

from this model are

Ky = 0.97 + 0.06

Ky = 0.95 % 0.08
Biy < 0.46 at 95% CL
Bundet < 0.12 at 95% CL.
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The expected upper limits at 95% CL on Bi,, and Byuger are 0.23 and 0.32
respectively. The compatibility of the SM hypothesis with the best fit point cor-
responds to a p-value of psy = 25%, computed using the procedure outlined in

Section 5.5 with four degrees of freedom.
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Fig. 5.15: Observed (solid line) and expected (dotted line) negative log-likelihood
scan of the (a) x, and (b) k, parameters from a combined fit excluding searches
both for off-shell Higgs production and for Higgs decays into invisible final states.
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Fig. 5.16: Negative log-likelihood contours at 68% and 95% CL in the (k,, Kg)
plane obtained from a combined fit, constraining all other coupling strength modi-
fiers to their SM values and assuming no contributions from invisible or undetected
Higgs boson decays. The best fit value for each measurement is indicated by a
cross while the SM hypothesis is indicated by a star.

Figure 5.17 shows the observed and expected negative log-likelihood scans
of the Ky, K, Biny and Bynget parameters from a combined fit including searches
for Higgs decays into invisible final states. Figure 5.18 shows the negative log-
likelihood contours at 68% and 95% CL in the (B, Bundet) plane obtained in this
model. Figure 5.19 shows the correlation matrix obtained in fits to data using the

model described in Section 5.8.2.

161



< 8: I I I I I < 8: I I I B
£ 7i ATLAS Internal — Observed B £ 7i ATLAS Internal — Observed B
Cl\l £ Vs=13TeV,245-79.8fb" ] (}l F Vs=13TeV,245-79.8fb”" ]
Gi my; =125.09 GeV, |.VH| <25 ... SM expected 6 i my; =125.09 GeV, LVH| <25 ... SM expected 7:
F Kok yByBonged F [KokyB, Byl ]
5 5 =
4 4 —=
3 3 =
2- 2- =
1 1 -
O: G: | ]
0.8 0.8 1.2
Ky Ky
(a) (b)
< 8: I I I I < 8: I I I I I B
£ 7i ATLAS Internal —— Observed B £ 7i ATLAS Internal — Observed B
Cl\l £ Vs=13TeV,245-79.8fb" ] (}l F Vs=13TeV,245-79.8fb"" ]
Gi my; =125.09 GeV, |.VH| <25 ... SM expected 6 i my; =125.09 GeV, LVH| <25 ... SM expected 7:
F Kok yBiyBingal FlkoKyB B el ]
5 = 5 =
e S S - __J L
3" = 3 =
2 = 2 =
1= = 1 E
0~ ! L o e ! ! ! ! ]
0.2 0.4 0.6 0.8 01 02 03 04 05 06
inv. Bundet.
(c) (d)

Fig. 5.17: Observed (solid line) and expected (dotted line) negative log-likelihood
scan of the (a) Ky, (b) Ky, (¢) Biny and (d) Byndet parameters from a combined
fit including searches for Higgs decays into invisible final states. All the other
parameters of interest from the list in the legend are also varied in the minimization
procedure. In (a) and (b), the dashed horizontal lines at —2In A =1 (=2In A = 4)
indicate the levels used to define the 1o (20) confidence interval for x, and .. In
(c) and (d), the dashed red line shows the level used to obtain the 95% CL upper
limits on Bj,, and Bypdet.
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coupling-strength modifiers are fixed to their SM values. The best-fit value is
indicated by a cross while the SM hypothesis is indicated by a star.

Vs =13 TeV, 24.5-79.8 fb*

ATLAS Internal my, = 125.09 GeV, y | <25
1

—-0.2
Binv.

0.4
-0.6
Bundet. -0.8

-1

b ()]
x X

Fig. 5.19: Correlation matrix obtained in the fit to the data of a model that probes
BSM contributions in loops and decays, with Bggy included as a free parameter.
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Fig. 5.20: Best-fit values and uncertainties for effective modifiers to the photon
and gluon couplings of the Higgs boson, with either Bi,, = Bunger = 0 (left),
or Bi,, and Bynget included as free parameters (right). In the latter case, the
measurements of the Higgs boson decay rate to invisible final states are included
in the combination. The SM corresponds to k, = kK, = 1 and Bi,, = Byndet = 0.
All coupling strength modifiers of known SM particles are assumed to be unity,
i.e. they follow the SM predictions.

The results for the two models are summarized in Fig. 5.20.

5.8.3 Generic parametrization assuming no new particles in loops and decays

It is allowed to study in detail the Higgs coupling with each particle with
multiple channels combined. In this generic model the coupling scale factors for
the coupling strengths to W, Z, ¢, b, 7 and u are treated independently. The
coupling strength to ¢ quark is assumed to scale as the couplings to the ¢ quark.
SM values are assumed for the other fermions. Invisible or undetected BSM Higgs
boson decays are assumed not to exist. All coupling strength scale factors are
assumed to be positive. The results of the H— up analysis are included for this
specific benchmark model. The results are shown in Table 5.14.

Good agreements with the SM prediction are found for all measured coupling-
strength scale factors in this generic model. The compatibility of the SM prediction
corresponds to a p-value of psy = 76%, computed using the procedure outlined in
Section 5.5 with six degrees of freedom. Figure 5.21 shows the coupling strength

scale factors as a function of particle masses.

gvi my,
P P L - dda s 5.19
v, Kvid, Rvi— (5.19)
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for weak bosons with a mass my, where gy, is the absolute Higgs boson
coupling strength and v = 246 GeV is the vacuum expectation value of the Higgs
field, and

Yri = ’fF,igi\/g = HFzT (5.20)

for fermions as a function of the particle mass mpg, assuming a SM Higgs

boson with a mass of 125.09 GeV. For the b-quark mass the M.S running mass

evaluated at a scale of 125.09 GeV is assumed.

mass(GeV) | Observed expected
Ky 91.2 1.107098  1.00%9.%8
K 80.4 1.057008  1.00%998
Kb 2.76 1.06701  1.00%9%
Kt 169.2 1.02701L 1001012
. 1777 | 1.077912  1.001016
Ko 0.113 <153 <181

Table. 5.14: Masses and fit results for xz, rw, Ky, k¢, K, and k,. Both the
observed and expected results are shown. The upper limit on x, is set using the
CL; prescription.

Figure 5.22 shows the correlation matrix obtained in fits to data using the
model described in Section 5.8.3.
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Fig. 5.21: Reduced coupling strength modifiers k™ for fermions (F' =t,b, 7, i)
and /ky =¥ for weak gauge bosons (V = W, Z) as a function of their masses
mp and my, respectively, and the vacuum expectation value of the Higgs field
v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The
black error bars represent 68% CL intervals on the measured parameters. For x,
the light error bars indicate the 95% CL interval. The couplings modifiers kr and
ky are measured assuming no BSM contributions to the Higgs boson decays, and
the SM structure of loop processes such as gg - H, H — vy and H — gg. The
lower inset shows the ratios of the values to their SM predictions.
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Fig. 5.22: Correlation matrix of the generic parameterization assuming no new
particles in loops and decays.
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5.8.4  Generic parameterization including effective photon and gluon couplings

with and without BSM contributions in decays

This section presents the parameterization very similar to the one in Sec-
tion 5.8.3, but without resolving the gg — H, H — gg and H — 7 loop processes.
The effective coupling strength modifiers x, and &, are included.

For parameters including xz, kw, ks, K¢, K-, K and kg, only the sign of &
can go either positive or negative. The others are assumed to be positive. Three
interpretations of the Higgs total width are performed based on different channels

combined:
(a) No BSM contributions to the total width (Biy = Bundaes = 0).
(b) Both Bj,, and Bynget are added as free parameters to the model. The

H — invisible channel (Section 5.3.8) are included in the combination to
provide a constraint on Bj,,. Bi,, is allowed to go both positive and nega-
tive. To constrain the total width, the assumptions ky < 1 and Kz < 1 are

introduced.

(c) A single free parameter Bpsy = Biny + Bundet i added to the model. The
H — offshell (Section 5.3.9) is included in the combination to provide a
constraint on Bggy and Bggyr is assumed to be positive.

The results of three parameterizations are summarized in Table 5.15 and
Figure 5.28. All probed fundamental coupling-strength scale factors, as well as
the probed loop-induced coupling scale factors are measured to be compatible with
their SM expectation under all explored assumptions. Upper limits are set on the
fraction of Higgs boson decays to invisible or undetected BSM decays. In scenario
(b) the observed (expected) 95% CL upper limits on the branching ratios are
Biny < 0.30 (0.18) and Bynger < 0.22 (0.38), and the lower limits on the couplings
to vector bosons are kz > 0.87 (0.76) and xy > 0.86 (0.77). In scenario (c), the
observed (expected) upper limit on Bggy is 0.47 (0.57). The compatibility of the
SM hypothesis with the best-fit point in scenario (a) is psy = 88%, computed
using the procedure outlined in Section 5.5 with seven degrees of freedom and
Bgpsu fixed to zero. For scenarios (b), due to the boundary set for s,z < 1
and Buuget > 0 breaking the asymptotic assumption, the compatibility cannot
be derived by using method described in section 5.5. A toy-based method is
used to calculate the compatibility. With comparing to the test statistic of the
observed result to 500 toys, the compatibility psy = 96%. For scenario (c) the
values psy = 95%, are obtained, respectively, using eight degrees of freedom in
the computation.

Figure 5.23 shows the observed and expected negative log-likelihood scans of

the kw, Kz, ki, Ky, K7, Ky and K, parameters from a combined fit using a generic
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Parameter (a) Binv = Bundet =0 (b) Binv free, Bundet > 07 Rw,z < 1 (C) BBSM > 07 Roff = Ron

Ky 1.11 +£0.08 > 0.87 at 95% CL 1161915

Kw 1.05+0.09 > 0.85 at 95% CL 1127018

Kb 1035919 0.88 £0.13 1.08%935

K 1097015 [~1.03, —0.79] U [0.93, 1.24] at 68% CL 1147012

Fr 1055018 0.97 £0.13 112402

Ky 1.05 £ 0.09 0.98 £ 0.07 1.10+019

Ky 0.99+0-11 1.01+013 1024533

Biny - < 0.30 at 95% CL -

Bundet - < 0.22 at 95% CL -

Basm - - < 0.47 at 95% CL

Table. 5.15: Fit results for Higgs boson coupling modifiers per particle type with
effective photon and gluon couplings and either (a) By = Bundet = 0, (b) Biny
and Byndet included as free parameters, the conditions xw,z < 1 applied and the
measurement, of the Higgs boson decay rate to invisible final states included in
the combination, or (¢) Besm = Biny + Bunder included as a free parameter, the
measurement of off-shell Higgs boson production included in the combination, and
the assumptions described in the text applied on the off-shell coupling-strength
scale factors.

coupling parameterization without BSM contributions to the decays, described in
Section 5.8.4. Figure 5.24 and 5.25 show the observed and expected negative log-
likelihood scans of the Bj,, and Bynqet parameters from a combined fit including
searches for Higgs decays into invisible final states using a generic coupling param-
eterization. Figure 5.26 shows the observed and expected negative log-likelihood
scans of the Bggy parameter from a combined fit including searches for off-shell
Higgs production using a generic coupling parameterization. Figure 5.27 shows
the correlation matrix obtained in fits to data using the models described in Sec-
tion 5.8.4.
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Fig. 5.23: Observed (solid line) and expected (dotted line) negative log-likelihood
scan of the (a) kw, (b) Kz, (¢) K, (d) Ky, (€) kr, (f) K, and (g) k, parameters from a
combined fit using a generic coupling parameterization without BSM contributions
to the decays. All the other parameters of interest from the list in the legend
are also varied in the minimization procedure. The dashed horizontal lines at
—2InA =1 (—2InA = 4) indicate the levels used to define the 1o (20) confidence
interval for the corresponding parameter.
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Fig. 5.24: Observed (solid line) and expected (dotted line) negative log-likelihood
scan of the (a) Biyy, (b) Bunder parameters from a combined fit including searches
for Higgs decays into invisible final states using a generic coupling parameteriza-
tion. All the other parameters of interest from the list in the legend are also varied
in the minimization procedure. The dashed red horizontal lines indicate the levels
used to obtain the 95% CL upper limits on By, and Bundet-
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Fig. 5.25: Negative log-likelihood contours at 68% and 95% CL in the (Biy,y, Bundet)
plane obtained in the model with B;,, and By.qet included as free parameters,
the conditions ky,z < 1 applied and the measurement of the Higgs boson decay
rate into invisible final states included in the combination. The coupling-strength
modifiers are profiled. The best-fit value is indicated by a cross while the SM
hypothesis is indicated by a star.
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procedure The dashed red horizontal line indicates the level used to obtain the
95% CL upper limit on Bggy.
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Fig. 5.27: Correlation matrix obtained in the fit to the data using generic param-
eterizations with effective photon and gluon couplings with (a) Biyy = Bundet = 0
or (b) By and Byuqe included as free parameters. The latter is constrained using
the off-shell analysis.
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Fig. 5.28: Best-fit values and uncertainties for Higgs boson coupling modifiers
per particle type with effective photon and gluon couplings and either Bi,, =
Bundet = 0 (black); Bjn,y and Bynaer included as free parameters, the conditions
kw,z < 1 applied and the measurement of the Higgs boson decay rate to invisible
final states included in the combination (red); or Bpsy = Biny + Bundet included as
a free parameter, the measurement of off-shell Higgs boson production included in
the combination, and the assumptions described in the text applied on the off-shell
coupling-strength scale factors (blue). The SM corresponds to Biny = Bunget = 0
and all k parameters set to unity. All parameters except k; are assumed to be
positive.
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5.8.5  Generic parameterization using ratios of coupling modifiers

By using ratios of coupling modifiers, the assumption on the Higgs total width
can be removed. Table 5.16 shows the parameters of interest in this parameteri-
zations. All parameters are assumed to be positive. The numerical results from
the fit to this benchmark model are summarized in Table 5.16 and visualized in
Figure 5.31. All model parameters are measured to be compatible with their SM
expectation. The compatibility of the SM hypothesis with the best fit point cor-
responds to a p-value of psyy = 85%, computed using the procedure outlined in

Section 5.5 with seven degrees of freedom.

Definition in terms

Parameter Result
of k modifiers

Kgz Kgkz /K 1.06 £ 0.07
Mg Kt/ Ky 1.107515
Az Kz/Kg 1.127015
Awz Rw/Kz 0.95 £ 0.08
Az K/ Kz 0.94 £ 0.07
Arz Kr/Kz 0.95+0.13
Aoz KKz 0.937015

Table. 5.16: Best-fit values and uncertainties for ratios of coupling modifiers. The
second column provides the expression of the measured parameters in terms of the
coupling modifiers defined in previous sections. All parameters are defined to be
unity in the SM.

Figure 5.29 shows the observed and expected negative log-likelihood scans of
the A\yz, Ay, Aoz and Az parameters from a combined fit using a generic cou-
pling parameterization without assumptions about the Higgs boson total width,
described in Section 5.8.5. Figure 5.30 shows the correlation matrix obtained in

fits to data.
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Fig. 5.29: Observed (solid line) and expected (dotted line) negative log-likelihood
scan of the (a) A\yz, (b) Ay, (¢) Apz, and (d) Awz parameters from a combined fit
using a generic coupling parameterization without assumptions about the Higgs
boson total width. All the other parameters of interest from the list in the legend
are also varied in the minimization procedure. The dashed horizontal lines at
—2InA =1 (—2In A = 4) indicate the levels used to define the 1o (20) confidence
interval for the corresponding parameter.
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Fig. 5.30: Correlation matrix obtained in the fit to the data using a generic pa-
rameterization using ratios of coupling modifiers.
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Fig. 5.31: Measured ratios of coupling modifiers. The dashed line indicates the
SM value of unity for each parameter.

5.9 Summary

Combined measurements are presented based on Higgs boson production cross
sections and branching ratios using up to 79.8 fb=! of proton—proton collision data
produced by the LHC at /s = 13TeV and recorded by the ATLAS detector.
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The analysis is based on the measurements performed in the individual H — ~~,
H—7ZZ% H—- WW®, H — 77, H— bb and H— up decay modes, searches
for decays into invisible final states, as well as on measurements of off-shell Higgs
boson production.

The global signal strength is determined to be u = 1.117005.

The Higgs boson production cross sections are measured in |yy| < 2.5 for the
gluon fusion process, vector-boson fusion, the associated production with a W or
Z boson and the associated production with top quarks, assuming the SM Higgs
branching ratios to different Higgs decay modes. The combined measurement
leads to an observed (expected) significance for the vector-boson fusion production
process of 6.50 (5.30). For the VH production mode the observed (expected)
significance is 5.30 (4.70). The ttH +tH processes are measured with an observed
(expected) significance of 5.80 (5.30).

Ratios of these cross sections and of the branching ratios are also measured
by using the reference process g9 — H — ZZ*. Another measurement is per-
formed for the production cross section times branching fraction for each pair of
production and decay processes to which the combined analyses are sensitive. No
significant deviation from the Standard Model predictions is observed.

The observed Higgs boson cross sections are also measured by using the Stage
1 Simplified Template Cross-section framework. The measurements in all regions
are found to be compatible with SM predictions.

The observed Higgs boson yields are used to obtain confidence intervals for
x modifiers to the couplings of the SM Higgs boson to fermions, weak vector
bosons, gluons, and photons and to the branching ratio of the Higgs boson to
invisible and undetected decay modes. A variety of physics-motivated constraints
on the Higgs boson total width are explored: Using searches for H — invisible
and constraints on couplings to vector bosons, the branching fraction of invisible
Higgs boson decays into BSM particles is constrained to be less than 30% at
95% CL, while the branching fraction of decays into undetected particles is less
than 22% at 95% CL. The overall branching fraction of the Higgs boson into
BSM decays is determined to be less than 47% at 95% CL using measurements of
off-shell Higgs boson production in combination with measurements of SM Higgs
boson production and rates. No significant deviation from the Standard Model

predictions is observed in any of the benchmark models studied.
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Conclusion

By using 36.1fb~! of proton-proton collision data produced by the LHC at
Vs = 13 TeV and collected by the ATLAS detector, measurements of Higgs boson
production cross sections and couplings in the diphoton decay channel have been
performed. All measurements assume a Higgs boson mass of 125.09 £ 0.24 GeV.
Simplified template cross sections and total production mode cross sections offer
the possibility to separate the different Higgs boson production processes. They
are measured for gluon fusion, vector boson fusion production and production in
association with a vector boson or top quarks. Several parameters in the £ model
which explore the Higgs coupling structure are measured as well. The inclusive
signal strength is measured p = 0.997014. with an improvement on precision at a
level of 40% comparing to the ATLAS Run 1 result. No significant deviation from
the Standard Model expectations is observed.

A precise measurement of the combined Higgs properties is performed in
ATLAS experiment based on the up to 80 fb~! of data collected at a proton-
proton collision energy of 13 TeV from 2015 to 2017. All of the main decay
channels of the Higgs boson are taken into account including pairs of photons, W
and Z bosons, bottom quarks, taus, and muons. It is observed that the overall
production rate of the Higgs boson is in an agreement with the Standard Model
prediction with an uncertainty of 8%. A significance of more than 5 standard
deviations is reached on the ATLAS experiment for all four major production
modes: the dominated gluon-gluon fusion mode, the associated production with
top-quark pair, the production in association with a weak boson, and the first
single-experiment observation of the VBF production mode, corresponding to an
observed (expected) significance 6.50 (5.30). The Higgs coupling to the other
particles are confirmed, at precision levels of less than 10% for W and Z, 10%
for ¢, and 20% for b and 7, respectively. These results are with improvements on
precision from 20% to 30% comparing to the ATLAS + CMS Run 1 results. All
results are compatible with the SM predictions, painting a complete picture of
Higgs boson.

The consistency between the results and the Standard Model Higgs boson

prediction motivates higher precision measurements. There is a significant boost
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in production cross sections when increasing the center-of-mass energy of LHC
from 8 TeV to 13 and 14 TeV. This along with a relatively larger integrated
luminosity delivered, allows a more precise measurement to probe the Higgs sector
more deeply.

By the end of year LHC Run 3, the data collected by the ATLAS detector
is expected to correspond to 300fb~!. The precision on the measured parameters
will benefit from the larger integrated luminosity.

The possible future facilities are also expected to deliver better results of
the Higgs sector in the Standard Model, including HL-LHC [138] which have
advantages in measuring decay modes with a low rate and rare processes, and
CEPC [139] which can more precisely determine the absolute Higgs boson cou-
plings.

The physics prospects of the ATLAS experiment at the HL-LHC with 3000 fb~*
integrated luminosity data collected at /s = 14TeV , for measuring the Higgs
boson production and decay rates and coupling strengths are studied [140]. The
large dataset will allow both to significantly improve the precision on the measured
Higgs properties, and to observe the currently unobserved decay modes H — uu
and H— 2.

After taking the expected improvements on the the theoretical calculations
and the better understanding of the detector in to account, a prevision at the
level of few percents will be reached on all the production-mode cross sections and
on the main decay channels. Only the measurement precision for the W(Z)H,
H—~y, VH, H— ZZ® and ttH, H — ZZ® channels, and the two currently
unobserved decay modes will be limited by statistical uncertainty. The expected
result from HL-LHC for the measurement of each Higgs boson coupling modifier
per particle type is shown in Figure 5.32

The possible Higgs physics programs at the CEPC are also studied [141].
An unprecedented precision at a percent level or better will be reached for most
of Higgs boson couplings, in particular a 0.25% precision can be determined of
the coupling to the Z boson. Furthermore, thanks to the characteristic of lepton
colliders, the clean event environment of the CEPC will allow the identification
of potential unknown decay modes, which are very challenging at the hadron
colliders. The expected uncertainties from CEPC and the combined CEPC+HL-
LHC for the measurement of each Higgs boson coupling modifier per particle type

is shown in Figure 5.33
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Fig. 5.32: Expected result for the measurement of each Higgs boson coupling
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The conditions kw,z < 1 are applied. The SM corresponds to Bpgy = 0 and all
k parameters equal to unity. Source: ATL-PHYS-PUB-2018-054.
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RESEARCH EXPERIENCE

My current research is on the ATLAS experiment. One of my thesis work is
on Higgs coupling measurement with the diphoton channel. I started this project
in October, 2015. I took the responsibility to develop VH non-hadronic recon-
structed categories. To achieve the goal of balancing the signal sensitivity and a
reasonable statistics in those low-stat categories, I performed studies on selecting
better reconstructed variables as discriminant variables and investigated into the
MC samples used in selection optimization to avoid the overlap at truth stage.
Then I conducted data/MC comparison in each category and also validated the
signal modeling results. I contributed to generating a part of the final statistical
results for publications. In March 2016, the first Moriond conference note [1] was
published corresponding to an integrated luminosity 13.3 fb~* collected from 2015
and early 2016. Then, in June 2017, with the additional statistics up to 36.1 fb™*
and the optimization of reconstructed categories based on the implementation
of “simplified template cross-section”, we published the second EPS conferencs
note [2] The follow-up paper [3] was published in September, 2018. I contributed

to the internal note editing for all of the publications.

Another of my thesis work is the combined measurements of Higgs boson
coupling properties using LHC Run2 data. I started this work since November
2017. When the analysis team took the input results containing likelihood models
from analysis groups such as H — vy, H — 77 and H — puu, [ contributed to
studies of validating and scrutinizing those single channel results and modifying
the input likelihood models with the centrally-handled uncertainties. With a bet-
ter understanding of the structure and the model details of each Higgs analysis, 1

developed useful tools to check the uncertainty implementation and to build cor-
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relation schemes. When the preparation work was done, I started to generate the
combined likelihood models, implement all Higgs coupling (“kappa”) parameteri-
zations, and perform statistical study to produce all the “kappa” results and some
of the BSM interpretations. The team published an ICHEP conference note [4]
in July 2018, including H — vy, H - ZZ, H - WW ,VH(H — bb), H — 7.
ttH(H — Multi-lepton), ttH (H — bb), and H — pp. The follow-up Moriond con-
ference note [5] was published in March 2019, with integrated luminosity updated
from channel VH(H — bb), and with channels VBF(H — bb), H — invisible and
H — ZZ(offshell) added into the combination. The paper [6] has been submitted.

I contributed to the internal note editing for those publications.

Besides, I have taken part in the new physics search, including the ongoing
searches for light resonances produced in association with top quarks decay to two
hadronic taus (ttX, X — 77) starting from February, 2018. I've taken the respon-
sibility to generate the signal samples, to help validate the derivation framework
selection, to develop MVA for the low-pT di — 7 identification, and also to develop

the analysis framework.

As for the performance study, starting from October, 2015, motivated by sev-
eral excesses in the photon-related channels, I contributed to some basic photon
performance studies. The major one I was involved in was getting the photon
track isolation cut efficiency scale factors by using single photon samples. The dif-
ficulty for the photon track isolation discriminant variable is that the distribution
is non-trivial (a large peak at 0, followed by a gap and then a small tail) and can
not be fitted with an analytic function. Another issue is that the single photon
samples suffer from larger background contamination from jets. I developed a
framework to perform the template fit based on the background-enriched control
region and used this template in the signal region of tightly identified photons to
derive cut efficiency and scale factors. I also maintained the single photon ntuple
production used for some other photon identification and isolation studies. The
photon track isolation efficiency scale factors, as well as other performance study

results, have been used in the high mass diphoton analysis [7] and the photon
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performance publication [§] .

Another study I have contributed to as my qualification task starting from
winter 2015 is the performance study of several newly-added MDT (Muon Drift
Tube) chambers in the ATLAS muon spectrometer at that time. I used the muon
calibration stream and the dedicated muon “Tag and Probe” tool to study the
reconstructed efficiency and resolution of those MDT chambers based on 13 TeV
data. Then the comparison with MC was performed to ensure the suitable detec-

tor simulation.
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