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ABSTRACT
Probing new physics in the vector boson fusion production of Higgs bosons

A dissertation presented to the Faculty of the
Graduate School of Arts and Sciences of Brandeis University
Waltham, Massachusetts

By Jiayi Chen

This thesis reports the vector boson fusion production cross section for the Higgs boson in
the H— WW?*— (vlv final state measured as a function of kinematic observables sensitive
to the Higgs boson production and decay properties as well as integrated in a fiducial phase
space. The analysis is performed using the proton-proton collision data collected by the
ATLAS detector in the LHC Run-2 at /s = 13 TeV center-of-mass energy, corresponding
to an integrated luminosity of 139 fb~1. The data are corrected for the effects of detector
inefficiency and resolution, and the measurements are compared to different state-of-the-art
theoretical predictions. The observed fiducial cross section of 1.6815:32 fb is compatible with
the Standard Model prediction at a cross section of 2.07 + 0.04 tb. The differential cross

sections are finally used to constrain anomalous CP-even and CP-odd interactions using a

dimension-6 Effective Field Theory formalism.
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1 Introduction

With 50 years of experimental searches and theoretical postulations, the Standard Model
of particle physics is a remarkable triumph - one beautiful equation which encapsulates all
known fundamental particles and their interactions. The Standard Model describes three
fundamental forces - strong, electromagnetic and weak forces - mediated by the respective
force carrier particles. Moreover, the Standard Model needs to permit particle mass while
keeping theoretical calculations finite at large energy scales. Here, “particle mass” is the in-
ertial mass (m), which makes up the particle rest energy given by Einstein’s famous formula:
E = mc?*. The mechanism proposed by Brout and Englert [15], Higgs [16], and Guralnik,
Hagen and Kibble [17] manifested, what is now known as, the Higgs boson. While particles
were massless and traveled at the speed of light immediately after the Big Bang, about 10712
seconds later, they acquired mass by interacting with the Higgs boson and stayed massive
after the universe cooled [18].

To imitate the beginning of the universe, the Large Hadron Collider program was initiated
in 1994, designed to accelerate and collide protons at an energy high enough to probe the
mass of the Higgs boson. Using only a partial dataset of the first operational run, the
ATLAS and CMS experiments both observed an excess at a mass of 125 GeV with a high
significance-level of around 5 standard deviations, declaring the discovery of the Higgs boon
in 2012 [19,20]. Its couplings with several heavy particles in the theory were subsequently
observed, validating that the new particle was indeed the predicted Higgs boson.

The discovery of the Higgs boson is not only satisfactory but also puzzling. For example,
why is the Higgs boson so light? The Higgs mass at 125 GeV is at the boundary of a stable
vs. meta-stable universe, where the vacuum state or the ground state can quantum-tunnel
to another ground state in a meta-stable system. Furthermore, in the hierarchy problem,
it is unexplained why the weak force is 10?* times stronger than the gravitational force or

equivalently, why the Higgs mass is so much lighter than the Plank scale (the energy scale



of the hypothesized quantum gravity). These problems call for determination of the precise
nature of the Higgs boson.

This thesis is one of the many “quests” for new physics signature using a collider experi-
ment. We use the data collected by the ATLAS experiment from 2015-2018 to measure the
particular production channel of vector boson fusion and decay channel of the Higgs boson
to two W bosons (H— WW*). While the measurement cannot directly answer the questions
posed earlier, we hope to use the reported results to narrow the window for new physics and

to guide future experiments deigned for directly searching new physics candidates.



2 Theory

Particle physics studies the questions, ‘what are the most fundamental constituents of the
universe’ and ‘how do they interact’ [21]. To date, the Standard Model of particle physics
(SM) is the most successful model describing the past 50 years of experimental data. It pro-
vides a unified description of the most fundamental particles and forces (except for gravity).
However, many remaining questions, such as the nature of dark matter, motivate the search
for new physics beyond the Standard Model. In this section, we first give an overview of the
SM theory in Sec. 2.1, followed by phenomenology of the Higgs boson at the Large Hadron
Collider (LHC) in Sec 2.2. Finally, we review the Effective Field Theory approach to probe
for new physics signatures in Sec. 2.3 and its application in the H— WW™ analysis in later

sections.

2.1 The Standard Model
2.1.1 Overview

The goal of many physics studies is to provide an effective mathematical description of a
physical system at a chosen scale [8]. The mathematical framework for particle physics is
quantum field theory, which incorporates both special relativity and quantum mechanics.
Fundamental particles are excited states of their quantum fields and their dynamics and
interactions are governed by a Lagrangian function, denoted as £ throughout this thesis. In
particular, the Standard Model is a gauge field theory that is symmetric under various local
group transformations. The Lagrangian of the Standard Model is also renormalizable, making
calculation of observables finite and the evaluation of the model parameters accurate with a
perturbative expansion [22]. The postulation of these two properties guided the development
of the Standard Model in the past century and led to its extraordinary compatibility with
generations of high energy experiments.

The constituents of the Standard Model are categorized into fermions and bosons. Fermions



and their anti-particles have half a unit of intrinsic angular momentum, that is spin—%. They
make up matter in the universe. For example, nuclei are made of quarks and form atoms
with electrons which are leptons. As shown in Fig. 1, there are three generations of quarks
(purple) and leptons (green), respectively. Their masses increase from low to high generation
(except for neutrinos whose masses are yet to be determined). While the up (u), charm (c)
and top (t) quarks have +2 unit charge, the down (d), strange (s) and bottom (b) quarks
have —% unit charge. The former are generalized as the up-type quarks and the latter as
the down-type quarks. In the lepton family, each charged lepton - electron, muon, and, tau
- is accompanied by a neutrino with the same lepton flavor. Anti-leptons have anti-flavors.

Lepton flavor is conserved and this is why the weak process produces lepton pairs such as

e e, v, ete” and ptp~, so that the flavor and anti-flavor cancel.
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Figure 1: The Standard Model of particle physics [2].

Bosons have integer spins. The spin-1 bosons, also referred to as the gauge bosons,



mediate three fundamental forces. The gluon is responsible for the strong force, holding the
nuclei together. At a typical energy scale of 1 GeV, the strong nuclear force has a range
of about 10~ m, which is roughly the distance for a free gluon to travel in space. The
weak force is mediated by the W and Z bosons with a range of 107!7 m and is responsible
for f—decays. Light, or electromagnetic waves, can travel infinite distance as its quanta
(photons) are massless. Gravity, the fourth force, is too weak to be observed in particle
physics experiments. However, the large-scale structures in the universe are formed because
of the attractive gravitational force with a long range. A spin-2 boson, the graviton, is
postulated as the quantum of gravity. Today, the quantum gravity problem remains unsolved
and is beyond the scope of this thesis.

The recently discovered Higgs boson is the only spin-0 particle in the theory. Prior to
the Higgs mechanism, particle physicists faced two dilemmas. First, the weak bosons were
required by gauge invariance to be massless and consequently the weak force to be long-
range. However, this contradicted many experimental observations at the time. Second,
typically a mass term is presented in the Lagrangian for massive particles: —map, where
m is the mass and 1 and v are the fields of the particle and anti-particle, respectively.
However, the observation of parity (symmetry under a mirror reflection) violation established
that the charged-current weak interactions are left-handed, meaning the directions of spin
and motion are opposite. Since the left-handed and right-handed components of the fields
behave differently, the mass terms violate the symmetry of the theory. The introduction of
the Higgs mechanism spontaneously breaks the electroweak symmetry and gives rise to the
spinless boson, now known as the Higgs boson. The Higgs boson gives masses to the three
weak bosons and the fermions, while keeping the theory gauge invariant.

In the following subsections, we divide the discussion into the different gauge theories

relevant to the Standard Model, ordered by their appearance in the particle physics chronol-

ogy.



2.1.2 Quantum electrodynamics

Quantum electrodynamics (QED) unifies the electric and magnetic fields, and the massless
quanta of the electromagnetic field are photons (). All particles with electric charge can ex-
change photons. Most macroscopic physics phenomena are governed by the electromagnetic
force with an infinite range since the photon is massless. The strength of the interaction is
quantified by the fine structure constant a.

According to Noether’s theorem, each symmetry implies a conservation law. For example,
the translation invariance in space leads to conservation of momentum, and translation
invariance in time implies conservation of energy. Both can be derived from the Lagrangian
of classical mechanics. Similarly, the QED theory is derived by imposing phase rotation
symmetry on the quantum-mechanical wave function of electron, ¢ (x) — 9'(z) = 1h(x)e?®.
As a result, the invariance under a global phase rotation (independent of coordinate) proved
the conservation of electric charge; the invariance of a local phase rotation implied the
existence of a massless field, i.e. the photon, that couples to electric charge. The local gauge
invariance is preserved in QED since the photon is massless. This transformation group is
denoted as U(1)gy.

The success of QED based on a local phase symmetry became a prototype for constructing
gauge theories with conditional symmetries, motivating successive development of gauge

theories of the Standard Model.

2.1.3 Quantum chromodynamics

The strong force is governed by the quantum chromodynamics (QCD) gauge theory with a
SU(3)¢ symmetry, where the subscript C' stands for color. Analogous to QED, the gluon as
the strong force carrier couples to particles with color charge, which is the conserved quantity
in QCD. The color charges are named after the three primary colors: red, green and, blue.
Free quarks form color-neutral particles predominately in two ways: a three-quark bound

state, the baryon, with the combination of the three color charges, or a quark-antiquark



bound state, the meson, with zero net color charge. Collectively, the two bound states are
referred to as hadrons. Unlike the photon, which is electrically neutral, gluons are color-
charged and hence can couple to other gluons.

The strong coupling constant («y) is dependent on the energy scale (p):

127
32 —2ng) - In (p®/Aqep)

(1)

as(p) = (

Here, ny is the number of types of quarks whose masses are below the energy scale yu and
the QCD scale (Aqep) is measured to be approximately 0.2 GeV. The running of strong
coupling strength results in two crucial phenomena for strong interaction. First, a color-
charged particle cannot be isolated or directly observed at low-energy scale, which is known
as color confinement. The energy tension while separating a color-neutral state increases
so drastically that it produces a quark-antiquark pair, forming new color-neutral composite
particles. On the contrary, the strong interaction reaches asymptotic freedom at high energy
scales (short distance) and the exchange of gluons requires minimal energy. Asymptotic
freedom explains the abundant gluon-induced QCD processes at the LHC, while confinement
induces the parton shower and hadronization for an outgoing quark or gluon.

Another important concept of QCD is the parton distribution function (PDF). In this
thesis, it describes the momentum fraction of each parton that makes up the proton, and
a parton can be either a quark or a gluon. At low energy, a proton consists of two u and
one d quarks, the valence partons. On the other hand, protons at high energy are made of
not only the valence partons but also of nonvalence partons, such as sea quark-antiquark
paris or gluons. The sea partons add up to be flavor-neutral but each can be any type.
The appropriate choice of a PDF model improves the accuracy of the predictions from
phenomenology. Usually the development of PDF's comes from a combination of simulation

and experimental data at a given scale.



2.1.4 The electroweak theory and the Higgs mechanism

The electroweak theory unifies the weak and electromagnetic forces at high energy scale and
this is referred to as the electroweak symmetry. Like other gauge theories introduced in the
previous sections, electroweak gauge theory needed to choose a symmetry and subsequently
obtain gauge bosons that couple to a conserved charge. The correct symmetry group choice
turned out to be SU(2),xU(1)y, where L represents for left-handedness and Y for the weak
hypercharge which the electroweak symmetry conserves. To solve the mass problem, the
electroweak symmetry needs to be broken to obtain the separate weak and electromagnetic
forces: SU(2),xU(1)y = U(1)gm. This is called spontaneous symmetry breaking, a concept
originated from ferromagnetism. Ferromagnetic materials undergo a phase transition as the
temperature decreases to below the critical temperature and the electron spins will align in
the same direction, breaking the rotational symmetry of the system.

With the goal to induce spontaneous symmetry breaking into the electroweak theory, a

gauge invariant potential (V') as function of a complex doublet scalar field (®) is introduced
V(®) = (10 + \(DTd)?, (2)

where the field is given as

_ b ¢1 + 192
RN (¢3 + ¢) )

A positive p? corresponds to the unbroken symmetry where the potential only has one
minimum, which is the ground state or vacuum state. On the other hand, when p? is
negative, the ground state has a continuous degeneracy. As a 2-dimensional representation
of the potential given in Eq. 2, Fig. 2 illustrates the potential for a singlet complex field
V() = p?lo)* + Mo|*, shaped like a “Mexican hat”. The vacuum expectation value is
v = |u|/vVA. The choice for a specific minimum is arbitrary, just like the orientation of

magnetization in ferromagnetism. A conventional choice is to set ¢3 = v and other degrees



of freedom to zero, and the Higgs field (H) emerges as the excitation from the vacuum state

@:%(H@H) (4)

Now, the rotational symmetry is broken (or hidden). Substituting this definition back into
the Lagrangian immediately gives the gauge boson mass terms and their interaction with the
Higgs boson. The coupling strength is proportional to the square of the boson mass (My):
2ME Jv.

Figure 2: The Higgs potential as a function of the real (Re) and imaginary (Im) part of the
field ¢ [3]. The yellow ball at the center represents the electroweak theory before spontaneous
symmetry breaking where the gauge bosons are massless; the blue ball represents solution
after breaking the electroweak symmetry.

Fermions get their masses through the Yukawa theory which is a renormalizable gauge
theory describing the interactions between fermions and spinless particles. As an example,

the Yukawa coupling between the electron field (e) and the Higgs field is [23]

Ce—Uée — Ce

Euawae:_ Hée, 5
Yuk: s \/§ \/§ ()

where the Yukawa coupling constant (. is a phenomenological parameter. The first term

in Eq. 5 is the electron mass term, where electron mass m, is (.v/v/2. The second term
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represents the coupling of Higgs with the electron-positron pair with a coupling constant

proportional to the fermion mass f@ = m,/v. Generally, heavier particles have stronger

coupling to the Higgs boson. Furthermore, the Higgs mechanism enables quark coupling in
the “off-diagonal” directions, allowing heavier generations to weakly decay to lighter ones.
Finally, the Higgs mass is not predicted by the theory. We will discuss the experimentally

measured Higgs properties and other phenomenologies in the next section.

2.1.5 From the Lagrangian to observables

In summary, the Standard Model Lagrangian encapsulates all particle interactions, which
are the gauge boson interactions, fermion interactions with the gauge bosons, the Yukawa
coupling of fermions with the Higgs field, and the Higgs self-interaction and coupling to the
gauge bosons:

LSM = Egauge boson + £fermion + LYukawa + LHiggs- (6)

The matrixz element method is the standard strategy to calculate observables, i.e. the
quantities to be observed at an experiment. The Feynman rules provide the mathematical
representations for different particle fields and their interactions (with a graphical represen-
tation called the Feynman diagram). One can construct the matrix element, denoted as
M, according to the fields in the initial and final states and sometimes the intermediate
propagator fields. The square of the matrix element is directly related to the most common
observable in collider physics experiments, the scattering cross section denoted as o. The
cross section is a measure of the probability of a particle-interaction process and has units of
area, usually specified in barns (b), where 1 b = 1072 m?2. The calculation of a cross section
depends on the kinematics of the incoming and outgoing particles. Therefore, this multi-
dimensional calculation is usually done by Monte Carlo simulation instead of a numerical
calculation.

Experimentally, the cross section can be obtained from the number of counted events for

10



a process (N)
N
Lint ’

g =

(7)

where Ly, is the integrated luminosity. The luminosity (L), or instantaneous luminosity,
gives the incident particle flux per unit time, which is related to the performance of a
particle accelerator. The integrated luminosity, with units of inverse area or inverse barn,

describes the incident flux provided by the accelerator over a period of time:
Lm:/Lﬁ (8)

2.2 The Higgs boson measurements

In this section, we provide a summary of the Higgs boson phenomenology at the Large Hadron
Collider (LHC), focusing on its production and decay modes. The different production and
decay modes are generally studied separately as the final state particles differ and therefore
need different analysis strategy to maximize the sensitivity.

The predictions for the production and decay of the Higgs boson are dependent on its
mass. As mentioned in Sec. 2.1.4, the mass of the Higgs boson is not determined by the
theory. The combined measurement by the ATLAS and CMS experiments at the LHC of

the Higgs mass yields [24]
mpg = 125.09 £ 0.21(stat) £ 0.21(sys) GeV. (9)

2.2.1 Main Higgs production modes

The production cross sections of the Higgs boson depend on the energy of the collider. The
predicted cross sections of several Higgs production modes as a function of the center-of-mass
energy at fixed Higgs mass of 125 GeV are given in Fig. 3. Ordered by the cross section from

large to small, the production modes and their representation in Fig. 3 are

11



e gluon-gluon fusion (ggF): pp — H, where p stands for proton;

e vector boson fusion (VBF): pp — qqH, where ¢ stands for quark;

e associated prodution with a vector boson (VH): pp — WH and pp — ZH;

e associated production with heavy quarks (bbH, ttH): pp — bbH, and pp — ttH.

The Feynman diagrams for these processes are shown in Fig. 4.

M(H)= 125 GeV -

o
)
]
LHC HIGGS XS WG 2016

o(pp - H+X) [pb
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Figure 3: The cross section of Higgs production for the dominant modes as a function of
the center-of-mass energy at fixed Higgs mass of 125 GeV [4]. The error band includes all
theoretical uncertainties.

These leading production modes are observed by the ATLAS experiment [6] as shown in
Fig. 5, and by the CMS experiment [7] as shown in Fig. 6 (left). Both collaborations report
the data-over-simulation ratio, called the signal strength. The SM prediction is given by
the red (black) vertical line in the ATLAS (CMS) results and is centered at one. The cross
sections measured by both experiments are compatible with the SM prediction, proving the

success of the Higgs modeling.
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Figure 4: The Feynman diagrams of several Higgs production modes: associated prodution
with a vector boson (upper left); vector boson fusion (upper right); gluon-gluon fusion (lower
left); associated prodution with heavy quarks (lower right) [5]. The vetor bosons are denoted
as V and virtual particles denoted with a star (*).
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Figure 5: The signal strengths for the Higgs production cross section (top five) and branching-
ratio (bottom four) signal strength measurements by the ATLAS collaboration [6]. The
measurements of all production and decay channels use the gluon-gluon fusion production
and Higgs to Z bosons decay as the baseline. The observed cross sections and branching
ratios (black data points) are compatible with the SM predictions (red vertical line) within
the uncertainties of the measurements (black error bars) and the theory predictions (gray
error bands).
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Figure 6: The signal strengths for the Higgs production cross section (left) and branching-
ratio (right) signal strength measurements by the CMS collaboration [7]. The observed cross
sections and branching ratios (black data points) are compatible with the SM predictions
(black vertical line) within the uncertainties of the measurements (blue error bars), with a
slight tension for the WH production mode which has a 20 deviation.

2.2.2 Main Higgs decay modes

The probability for a particle to decay in a particular channel is called the branching ratio
(BR). The branching ratio of the Higgs boson is defined as the ratio between the partial

decay width (I'y_x) and the total decay width (I'y) of the Higgs boson:

BR — LH=2X (10)
Iy

Decay widths have units of inverse time, and the total decay width is the inverse of the
lifetime of the particle. The partial decay widths of all possible decay channels add up to
the total width, and therefore the branching ratios add up to one. Similar to the scattering
cross section, the partial width of each decay channel can be derived from the matrix element
calculation. The predicted branching ratios of the Higgs boson are presented in Fig. 7.
Several decay modes are measured by both the ATLAS experiment (Fig. 5 bottom) and

the CMS experiment (Fig. 6 right), and the results are in agreement with SM predictions.
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Figure 7: The predicted branching ratios of the Higgs boson decay for the dominant decay
channels as a function of the Higgs mass [4].

2.3 Effective Field Theory

In this section, we review a model independent approach to physics beyond the Standard
Model: the Effective Field Theory (EFT). This formalism describes the effect of any short-
range heavy resonance at low energy scale, without assuming any of its properties - thus
a model independent formalism. This is the result of integrating out degrees of freedom at
given scale. As an example, the study of molecular interactions does not need to consider the
QCD interactions of quarks and gluons inside the protons and neutrons, since their effect are
integrated out so that the nuclei can be treated as the smallest unit. In the EFT approach,
the degree of freedom that is “integrated out” is a potential new resonance which can only be
a virtual propagator due to its large mass. According to the Feynman rule, a propagator field
with 4-momentum ¢ and mass M contributes to the matrix element a factor proportional to

ﬁ, which can expand as:

1 1 q —4
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To first order, the heavy particle field is decoupled from the theory. However, it modifies
the coupling of the SM particles with a factor of 1/M?2. This is called the Appelquist-
Carazzone theorem [25]. Without having to introduce a new particle field, one can build
higher-dimensional operators suppressed by powers of M:

1 n n
= Mo (12)

where (’)gn) is a dimension-n operator (with units of energy to the n'" power) and cgn) is

the corresponding Wilson coefficient which is the modification factor coming from the heavy
field integration.

In this section, we first discuss a famous example of the EFT application, the Fermi
theory, as the low-energy effective theory of the weak interactions [8]. Next, we re-introduce
the Standard Model as a low-energy effective theory of the full gauge theory at much higher

energy scales beyond the LHC [1].

2.3.1 Fermi theory

Prior to the genesis of the W boson theory, the matrix element of weak interaction was

expressed as a 4-particle interaction [8]:

MFermi theo. — GFg,uV [&37/1(1 - 75>¢1} [&4’}/”(1 - 75)¢2} ) (13)

where Gy is the Fermi constant and describes the weak coupling strength, and the terms in
the square bracket are the left-handed charged leptons and neutrino couplings. The Feynman
diagram of such a 4-particle interaction is demonstrated on the right of Fig. 8.

On the other hand, the full theory of beta decay is mediated by a W field (Fig. 8 left)

and its matrix element is written as:

bas 57 (1 =)l (14)

-1 L — ) 9
= oi-e] 45 e
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where gy is the coupling constant of the weak interaction and my, is the mass of the W
boson. By doing the same Taylor expansion as Eq. 11, we obtain the Fermi theory matrix

element in terms of gy

2

MFermi theo. — SQTV[;QMV [&33”(1 - 75)¢1} [&4’}”(1 - 75)¢21| . (15)
w

The two weak coupling vertices contracted and formed one interaction point of four light
particles. From this effective theory, we obtained an important relationship of the Fermi
constant and the weak coupling strength at low energy limit:

V243

— .
8miy,

Gr (16)

P4 Ps3

P2 Pa

d u d u
Figure 8: The electroweak theory reduced to the Fermi theory at low energy [8].

By comparing this example with Eq. 12, we can find Ggpmj;, is the Wilson coefficient of
this effective theory. Integrating out the W field in Eq. 14, the relation in Eq. 16 is recovered.
With the mass of the W boson known to a great precision today, theoretical models
below the electroweak scale can use Fermi theory as a top-down EFT application. This type

of application correctly describes the physics phenomena at low energy with less complexity.

2.3.2 Standard Model Effective Field Theory

Unlike top-down EFT applications such as the Fermi theory, a bottom-up EFT is applied
when the mass of the propagator is not known. A cut-off energy scale A is usually chosen

in the bottom-up application and its value is expected to be between the energy scale of
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the experiment and the mass of new heavy particle. The goal of this approach is to access
the new physics effect below the scale A. Therefore, precision measurements are needed to
capture small deviations from the SM that are not hidden by statistical fluctuation. Above
A, the effective theory is not valid and significantly deviates from the full theory. The EFT
approach is an indirect search, because this method only “narrows the window” for new
physics but cannot make direct discovery of new physics. In a direct search, an invariant
mass spectrum is typically used to search for a new resonance. In the effective theory, the
invariant mass cannot be obtained since the new particle fields are integrated out from the
Lagrangian.

The effective theory for the Standard Model is required to obey the following prescriptions
[26]:

e its gauge group contains SU(3)¢c x SU(2), x U(1)y;
e its constituents are the SM fields;

e it reduces to the SM at low energy scales;

e it respects the unitarity bound and analyticity.

The last statement stems from the unitarity of the SM operators which implies the amplitude
cannot grow too fast with energy scale.

The EFT formalism used in this analysis is the Standard Model Effective Field Theory
(SMEFT) [1]. The operator basis of SMEFT is the first non-redundant operator basis
at dimension-6, the Warsaw basis [27]. Dimension-5 and dimension-7 operators are not
considered since they violate baryon number conservation, and the complete set of dimension-

8 operators is still under theoretical development. The SMEFT Lagrangian is expressed as
C;
Lsverr = Lsm + Z Foi- (17)

The SMEFT model is assumed to have gauge symmetry and flavor symmetry.

18



Many particle physics experiments choose SMEFT as the interpretation formalism. There-
fore, analyses targeting different processes can be connected through SMEFT. The direct
merit of combining measurements is the precision improvement. Additionally, we should
approach new physics from a global perspective as the same underlying physics can affect
multiple SM processes. There have been examples of combined EFT analysis, such as the
combination of the EFT interpretation on both the signal and the dominant background
process [28], the combined EFT interpretation in the Higgs sector [29], and finally the com-
bination across collaborations [30]. After collecting the limits on the Wilson coefficients,
they can be “translated” into meaningful physical parameters [31], help to exclude disfa-

vored phase space of new physics, and guide future experimental searches.
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3 Apparatus

Established in 1954, the European Organization for Nuclear Research (CERN) hosts the
world’s largest particle accelerator, the Large Hadron Collider (LHC). There are currently
eight experiments investigating a wide range of physics at the LHC. ATLAS and CMS are
the largest experiments and co-discovered the Higgs boson in 2012. This thesis uses data

collected by the ATLAS detector between 2015-2018.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [32] is a two-ring circular hadron accelerator and collider
with a circumference of 26.7 km. It is designed to provide proton-proton (pp) collisions at a
—24-1

peak instantaneous luminosity of 103* cm . The LHC can also collide heavy ions such

as lead nuclei at lower luminosities, typically 1027 cm=2s7!,

The LHC project was approved by the CERN Council in December 1994 and became
the successor of the Large Electron-Positron Collider (LEP), re-using the LEP tunnels. The
LHC tunnel lies 50 to 175 meters underground and spans through the Swiss and French
border. The first run of the LHC, referred to as Run-1, started in 2010 at a center-of-mass
energy of /s = 7 TeV and ramped up to 8 TeV later. The LHC was shut down between
2013-2015 to enhance both the detectors and accelerators. Following the long shutdown, the
LHC started its Run-2 from 2015 to 2018 at /s = 13 TeV. The LHC expects to reach 14
TeV in the next operation.

The proton acceleration is a multi-step process [33] prior to the TeV-scale energy in the
LHC as sketched in Fig. 9. The source of the protons are hydrogen molecules, which are
separated into protons and electrons in an intense electric field. The protons are injected
to the accelerator chain in bunches, which are groups of approximately 10! protons. The

protons are first accelerated by the LINAC-2 linear accelerator to 50 MeV; next, injected

into the proton synchrotron booster (PSB), the protons are accelerated to 1.4 GeV; after the
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PSB, the Proton Synchroton (PS) boosts the proton to 26 GeV; finally, the protons enter
the 7-km long Super Proton Synchrotron (SPS) to be accelerated to 450 GeV. From this
stage and on-ward, the LHC will carry on the succeeding acceleration to multi-TeV scale
using superconducting radio frequency cavities. Inside the tunnel, the protons are guided by
dipole magnets and focused by quadrapole magnets.

There are four interaction points where the two beams meet and collide, and the collisions
are recorded by the four detectors (ATLAS, CMS, LHCb, and ALICE) surrounding these
interaction points. The ATLAS [10] and CMS [34] experiments are designed to perform
a large variety of new physics searches and precision measurements of the Standard Model
processes. On the other hand, the ALICE experiment [35] is dedicated to heavy-ion collisions
and the study of quark-gluon plasma, and the LHCb experiment [36] investigates flavor

physics.
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Figure 9: Schematic layout of the acceleration chain of the LHC and the main detectors at
the four interaction points [9].
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3.2 The ATLAS detector

ATLAS stands for A Toroidal LHC ApparatuS. It is a general purpose detector that can
probe both proton-proton and heavy ion collisions [10]. As shown in Fig. 10, the ATLAS
detector is a multi-layer cylindrical-shaped detector, 44 m long and 25 m wide, making it
the largest detector at the LHC ring. The layers, or sub-detectors of ATLAS are concentric
around the beamline. The collisions take place at the center of the detector and the outgoing
particles interact with the detector materials, leaving signatures such as tracks or energy
measured by the sub-detectors. The innermost detector closest to the interaction point
is the inner detector (ID) which tracks charged particles. The tracker is immersed in a
2 T axial magnetic field which bends the particle trajectories to measure their momentum.
Further away from the interaction point are the electromagnetic calorimeter (ECAL) and the
hadronic calorimeter (HCAL). Finally, the Muon Spectrometer (MS) is the outermost layer
and provides a second momentum measurement of the muons since they are not stopped
by the previous detector materials. The momentum measurement in the MS relies on the

toroidal magnetic field in this region.

ATLAS coordinate system

ATLAS analysis uses a right-handed coordinate system. The center of the detector is the
nominal interaction point and defines the origin of the coordinate system. The x-axis points
from the interaction point to the center of the LHC ring, the y-axis points upward, and the
beamline direction defines the z-axis. The entire ATLAS detector is symmetric in the forward
(positive z) and backward (negative z) directions. The azimuthal angle ¢ is measured around
the beamline in the z-y plane and the polar angle 6 is measured with respect to the z-axis.

However, the pseudorapidity variable 7 is more commonly used than the polar angle 6:

n= —lntan(g). (18)
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The central detector region closer to the interaction point has lower absolute pseudorapidity
value |n|, whereas the forward region of the detector has higher value. The angular separation

variable (AR) is defined using pseudorapidity:

AR = /AP + A2, (19)

where A¢ and An describe the angle difference between two positions inside the detector.
While the detector has nearly 27 coverage in ¢, it is bounded at |n| < 4.5 (1.3° < 0 < 178.7°).

In addition to being used for describing detector dimensions, pseudorapidity originates
from the rapidity variable, which is a measurement of whether the outgoing particle is more
central (more perpendicular to the z-axis) or more forward (more parallel to the z-axis).

The rapidity (y) is calculated as

1 E+p,
=] 20
4 2n<E—pz)’ (20)

where E is the total energy and p, is the z component of the particle momentum. Rapidities
are additive under a Lorentz boost in the z-direction. For a massless particle, Eq. 20 reduces
to Eq. 18, that is n = y.

A common measurement on a detected particle is the transverse momentum (pr) which
is directly calculated from the curvature of the particle trajectory in the x-y plane. Math-
ematically, it is: pr = psinf = \/m, where the z and y indices indicate the z and y

components of the momentum.

Inner Detector

From the collision point, roughly 1000 particles arrive at the ATLAS detector every 25 ns,
imposing significant challenges on the tracking detector. The inner detector (ID) is composed
of the Pixel detector [37], the Semiconductor Tracker (SCT) [38] and the transition radiation

straw-tube tracking (TRT) detector [39], ordered by distance from the beamline. The entire
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Figure 10: The ATLAS detector and its composite sub-detectors [10].

ID extends to |n| = 2.5. The layout of the three components is presented in Fig. 11.

The Pixel detector has three layers and contains in total 1744 pixel sensors with a min-
imum pixel size of 50 x 400 um? to deliver the finest granularity since the Pixel detector
stands the closest to the interaction points. Moving outward, the SCT has silicon microstrip
sensors with a mean strip pitch of 80 pum, providing four additional space points for each
track. Finally, the TRT made of 4-mm diameter straw-tubes supplies additional radial (R)
and azimuthal (¢) measurements up to |n| = 2.0.

During the long shutdown between Run-1 and Run-2, the Insertable B-Layer [40] made
of pixel sensors was installed between the beamline and the Pixel detector. The fourth pixel
layer is motivated by the tracking requirements and the high pile-up (number of simultaneous

collisions). The pixel size is 50 x 250 ym?, even smaller than the Pixel detector.

Calorimeters

The calorimeter system measures energy up to pseudorapidity |n| = 4.9. The inner elec-

tromagnetic calorimeter (ECAL) [41] consists of highly granular lead/liquid-argon (LAr)
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Figure 11: The ATLAS inner detector and the sub-detectors [10].

calorimeters in the barrel and endcap region. The ECAL extends to |n| = 3.2, with an
additional thin LAr presampler covering |n| < 1.8 to correct for energy loss in the upstream
detector material. The hadronic calorimeter (HCAL) [42] consists of steel/scintillator tiles
in pseudorapidity range || < 1.7, copper/LAr endcaps in the range 1.5 < || < 3.2, and
a tungsten/LAr forward calorimeter ranging from 3.2 < |n| < 4.9. The subsystems of the

ATLAS calorimeter are illustrated in Fig. 12.

Muon Spectrometer

The outermost ATLAS sub-detector is the Muon Spectrometer (MS) as muons are able
to penetrate all the previous detector layers. Therefore, the MS gives a second momentum
measurement for the muons deflected by the magnetic field generated by the superconducting
toroids. The MS is a gaseous detector, in which an incident muon will ionize the gas. In
the range |n| < 2.0, the muons will travel through the monitored drift tubes (MDT), each of
which consists of straw-tubes with gas inside and a wire in the center to collect ionization
electrons. In the pseudorapidity range, 2.0 < |n| < 2.7, the cathode strip chambers (CSC)

have segmented cathode into strips to allow higher precision measurement. The MS has a
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Figure 12: Cut-away view of the ATLAS calorimeter system [10].
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Figure 13: Cut-away view of the ATLAS Muon Spectrometer [10].

trigger system consisting of Resistive Plate Chambers up to |n| < 1.05 and thin gap chambers

beyond |n| = 1.05. The components of the MS are shown in Fig. 13.
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Trigger system

Given the 40 MHz bunch crossing rate and 25 interactions on average per bunch crossing,
ATLAS faces the challenge of storing an enormous amount of data. To only keep a man-
ageable amount, the ATLAS trigger system makes quick decisions whether to record the
event permanently or not. There are two subsystems for triggering: Level-1 trigger and
high-level trigger [43]. The Level-1 trigger is hardware-based, selecting high energy physics
objects from the MS and the calorimeters in a defined region of interest. The Level-1 trig-
ger information is then passed to software-based high-level trigger, based on the outcome
of its reconstruction algorithms. The trigger system reduces the rate to about 1kHz. The
H— WW?* analysis uses a combination of single-lepton triggers and a dilepton e — u trigger

in order to maximize the total trigger efficiency.

3.3 Physics object reconstruction in the ATLAS detector

Different types of particles leave unique signatures in the ATLAS detector. Reconstruction is
a process of “translating” signals from one or more sub-detectors into meaningful information
about the outgoing particles. In this section, we detail the reconstruction for the objects

relevant to the H— W W™ analysis.

3.3.1 Tracks and vertices

The ID serves as the primary detector for track and primary vertex reconstruction, where
a primary vertex is expected to be the pp interaction position and its reconstruction follows
the track reconstruction [44].

The track of a charged particle is circular in the transverse direction in the z-y plane due
to the homogeneous magnetic field. Track reconstruction adopts both pattern recognition
and track fitting techniques and follows the main inside-out reconstruction and a successive
outside-in sequence [45]. In the inside-out approach, the track segments are first built using

only hits from the silicon trackers. Based on these smoothed and cleaned track segments,
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an extension algorithm will look for compatible sets of measurements provided by the TRT.
The TRT hits are added as an extension, and the silicon-based track is not modified. This
approach is limited when particles from secondary interactions do not interact with the
silicon detector. In this case, the outside-in sequence is applied, where the track pattern
recognition begins in the TRT and back-tracks into the silicon detector.

Charged particle tracks are extrapolated inward and assigned to vertices [44]. In ATLAS,
the vertex with the highest quadrature sum of track pr (3.4 P%) becomes the primary
vertex, whereas the rest of the reconstructed vertices are considered to have originated from
pile-up events. Therefore, precise track reconstruction determines its correct association
with other tracks and the correct identification of the primary vertex.

In general, a charged particle track is characterized with the following parameters: the
curvature represented by the ratio of charge and transverse momentum (q/pr); the transverse
impact parameter (dy) given by the distance of the closest approach to the primary vertex in
the x-y plane and the longitudinal impact parameter (zp) in the z-direction; the azimuthal
angle (¢g), and the polar angle (6y) of the particle direction at the closest approach point.
Analyses usually impose criteria on these parameters to improve sensitivity to the physics

process of interest.

3.3.2 Electrons

Due to its low mass, an electron with energy greater than 10 MeV looses its energy predom-
inantly via Bremsstrahlung, where photons are radiated when the electron is deflected by
nuclei in the vicinity. The energetic photon can subsequently convert to electron-positron.
While this chain of processes can occur inside the ID, it is the most significant inside the
ECAL due to the abundance of heavy atomic nuclei, generating an electromagnetic shower.
Experimentally, electron reconstruction is provided by three components: energy deposition
clusters in the ECAL, reconstructed track in the ID, and the close matching in 1 x ¢ space

between the track and clusters [11].
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While the reconstruction efficiency for electrons with transverse energy Er > 15 GeV is
consistently high (97-99%), the identification and isolation efficiencies vary across the Erp
spectrum. Electrons from the primary vertex, i.e. the hard-scattering vertex, are prompt,
as opposed to non-prompt electrons, which originate from hadronic activity considered as
background. The identification of prompt electrons in the pseudorapidity range |n| < 2.47
is likelihood-based (LH), taking into consideration the measurements from the tracking, the
calorimetry and their combination. This multi-variant approach constructs separate signal
and background probability density functions using the Z — ee and J/i) — ee simulated
events. To cover various analysis situations for prompt electrons, the identification delivers
four working points at fixed values of the LH discriminant. Ordered by increasing threshold
on the LH discriminant, i.e. increasing purity of the prompt signal over background, the
four working points are: VeryLoose, Loose, Medium, and Tight. As shown in Fig. 14, the
identification efficiency is measured in bins of n and Er, and as the simulated signal purity

becomes higher the identification becomes less efficient.
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Figure 14: Likelihood-based identification efficiencies for three working points measured from
data as functions of Er and 7 [11].

As for electron isolation, this process helps to “clean up” the noise and pile-up around the
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prompt electron candidate to achieve more precise track and energy measurements. Since
the boosted electron from the primary vertex tends to create a collimated electromagnetic
shower, there should be low activity in the surrounding area in the 7-¢ plane. There are
two types of isolation: calorimeter-based and track-based. Both strategies estimate the
amount of activity within an isolation cone around the electron candidate. In the calorimeter-
based isolation, the discriminating variable is the sum of transverse energy inside the cone

(E%%lone) where the cone size is AR = 0.2. On the other hand, track-based isolation sums

the transverse momentum of tracks (pijifgone). Compared to the calorimeter, the tracker can

afford a smaller cone size thanks to its fine granularity. Therefore, the cone size varies based

on the transverse momentum of the electron candidate (pr):

10 GeV

AR = min <
pr

,ARmax) | (21)

where the maximum cone size is at AR« = 0.2. For a more energetic electron with large
pr, the isolation cone is smaller. Similar to electron identification, various working points
are provided and the efficiencies of a few working points are presented in Fig. 15. The ‘Fix
(Tight)” working point, defined by EX /pr < 0.06 and pi°L .. /pr < 0.06, is applied in the

T',cone T,cone

H— WW* analysis.

3.3.3 Muons

Unlike electrons, muons interact with the ATLAS detector mainly through ionization which
deposits much less energy. Muon detection relies on both track measurements from the inner
detector (ID) and the muon spectrometer (MS). Track reconstruction in the ID is discussed
in Sec. 3.3.1. Muon reconstruction in the MS first searches for hit patterns inside each muon
chamber and then fits the hits from different layers [12].

Depending on which subdetectors are used in the muon reconstruction, four muon types

are defined:
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Figure 15: Isolation efficiencies for a few defined working points as functions of Er and n [11].

e combined muon: combined track by a global refit using hits from tracks that are

reconstructed independently in the ID and the MS;

e segment-tagged muon: an ID track extrapolated outward with at least one local track

segments in the MS;

e calorimeter-tagged muon: an ID track matched to energy deposit in the calorimeter

compatible with a minimum-ionizing particle;

e cxtrapolated muon: track from MS only, with loose compatibility with the interaction

point.

Muon identification and isolation are performed by imposing quality requirements opti-
mized using Z — pp and J/v — pp samples. Working points are defined using simulated
tt events where the top quarks predominantly decay to a bottom quark and a W boson and
the muons from the W decays are considered prompt signal. While there are four muon
identification working points and seven for isolation, we focus on the Medium and Tight

muon identification working points and the Tight muon isolation working point used in the
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H— WW?* analysis.

Three variables are used for identification quality for combined muons:

e ¢/p significance: absolute difference of the measured charge (¢) and momentum (p)

ratio from the ID and MS divided by the uncertainties summed in quadrature;

e p': absolute difference of the separate transverse momentum measurement between the

ID and the MS divided by the combined measurement;
e 2 normalized goodness of the combined fit.

For the Medium muon identification, only combined muons and extrapolated muons are
included. The Medium selection minimizes systematic uncertainties related to muon recon-
struction. The requirements on the number of hits depend on the pseudorapidity region of
the hits, but mostly 3 layers in the monitored drift tubes (MDT) and cathode strip cham-
bers (CSC) are needed. Finally, the ¢/p significance is required to be less than seven. The
above requirements are also imposed on Tight muons, but only combined muons with hits
in at least two MS stations are considered. Additionally, Tight muons are required to have
a normalized x? smaller than eight and a two-dimensional cut in p' and ¢/p significance
as a function of pr is applied to reject background. The reconstruction efficiency for the
Medium muon selection in Fig. 16 shows stable muon reconstruction efficiencies across the
muon transverse momentum spectrum.

Analogous to electron isolation, muon isolation also employs track-based and calorimeter-
based strategies. The track-based isolation sums ID track pr with py > 1 GeV in an isolation
cone with varied cone size defined in Eq. 21 at AR,.x = 0.3. The calorimeter-based isolation
evaluates E¥°! by summing E7 within the fix-sized cone AR = 0.2. The Tight isolation

T',cone

working point is defined to have 96% efficiency constant in 1 and prp.
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Figure 16: Reconstruction efficiency for the Medium identified muons as a function of the
muon transverse momentum pr [12].

3.3.4 Jets

Due to color confinement, a quark/gluon cannot exist on its own and hadronizes to become a
color-neutral stream of particles, referred to as a jet. While different components of the jets
interact with the entirety of the ATLAS detector, most analyses use jets reconstructed from
energy deposited in the calorimeters. From these depositions, topological clusters (topo-
clusters) are built from calorimeter cells (topo-clusters), and the topo-clusters are the input
to the anti-k; algorithm [46] to reconstruct jets. For analyses based on the Run-1 dataset,
the ATLAS reconstruction algorithm applied a jet energy scale (JES) correction factor which
incorporates the tracks associated with the jet to improve resolution [47]. The Particle Flow
approach was recently introduced when analyzing Run-2 dataset [13]. In the range |n| < 2.5,
the Particle Flow algorithm takes both the positive energy topo-clusters and the selected
tracks matched to the primary vertex. Outside the geometrical acceptance of the tracker,
only the calorimeter information is available. Including the tracker information, the particle
flow algorithm significantly improves the transverse momentum resolution for low-pr jets

(Fig. 17b) and central jets with low |n| (Fig. 17a).
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Figure 17: The jet transverse momentum resolution for calorimeter jets (LC+JES) and
particle flow jets as a function of pr (left) and n (right) [13]. The average pile-up ({u)) is 24.

Additionally, a Jet Vertex Tagger (JVT) variable is derived to determine the probability
that the jet is from a hard-scattering process or pile-up [14]. This variable is a multivariant
combination of the number of tracks originated from the primary vertex (Ny) and the
jet-vertex-fraction defined as the ratio of pr sum for jet-associated tracks from the primary
vertex versus the total pr sum of all tracks in the jet. The efficiency of rejecting pile-up jets
(jet-veto) is tested on a simulated vector boson fusion (VBF) Higgs to four leptons sample.
Defined as fraction of events which do not contain additional jet within the tracker acceptance
other than the product from the VBF process, the jet-veto efficiency is consistently high at
approximately 94% (85%) for the jet-veto at pr > 30 GeV (pr > 20 GeV) with a JVT> 0.7
criterion. The jet-veto efficiencies with and without the JVT selection are compared in

Fig. 18 as a function of Nyiy.
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Figure 18: Jet-veto efficiency as a function of Ny, with (open markers) and without (solid
markers) the JVT > 0.7 criterion [14].
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4 Analysis overview

The vector boson fusion (VBF) production mode of the Higgs boson in the H— WW*— (vly
decay channel was previously studied by the CMS [48,49] and ATLAS [50,51] collaborations.
These analyses used a partial Run-2 dataset corresponding to an integrated luminosity of
36 fb~! and at center-of-mass energies of 7 TeV and 8 TeV during Run-1 of the LHC. How-
ever, the VBF production mode was not observed. Only recently, ATLAS made the first
observation of the VBF H— WW*— (vfv channel using the full Run-2 dataset, correspond-
ing to 139 fb~! [52]. This measurement reported an inclusive VBF H— WW* cross section.

This thesis presents the cross-section measurement of VBF H— WW* (Fig. 19) in a
fiducial phase space with two jets, one electron, one muon and two neutrinos in the final state,
where the leptons are the decay products of the W bosons. Furthermore, the cross section
is measured for the first time as a function of several observables with corrections for the
detector resolutions and inefficiencies. The analysis uses the full Run-2 data corresponding
to an integrated luminosity of 139 fb=! collected by the ATLAS experiment in 2015-2018 at

the center-of-mass energy /s = 13 TeV.

4 /

%4
D \
%

Figure 19: Feynman diagram for the signal process: Higgs production via vector boson
fusion and decay to two W bosons. The “V” stands for vector boson. One of the W bosons
originating from the Higgs decay is virtual (off the mass shell), and is labeled as W*.

Several SM processes produce the same final state objects and are considered as back-

ground in this analysis. First, there are processes which also involve a pair of W bosons: SM
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continuum WW process and tf, which primarily decay to bbWW~W*. Next, the other Higgs
production modes, such as gluon-gluon fusion (ggF) and associated Higgs production with
a vector boson (VH), can also produce events that are signal-like. Additionally, events from
the W +jets and multi-jet processes where the jets are misidentified as leptons are significant
backgrounds. Finally, the Drell-Yan process, also referred to as Z+jets, with two tau leptons
from the Z boson decay can also produce a pair of opposite-flavor leptons and large missing
transverse energy which can look like signal. The Feynman diagrams of the dominant back-
ground processes are shown in Fig. 20. They add up to 95% of the total background in the
signal-enriched region.

A signal-enriched region is defined by kinematic selections optimized by Monte Carlo
(MC) simulations to improve the signal-over-background ratio. In this region, the signal
yield is extracted from a binned likelihood fit to a 2-dimensional output distributions of a
multivariant analysis, while the background contributions are simultaneously estimated using
data-to-simulation normalization factors. As discussed in Sec. 3.3, the detector technologies
have intrinsic resolutions and inefficiencies. In attempt to reverse the detector distortion, we
use unfolding response matrices to transform the reconstruction-level measurements in the
signal region to particle-level in the fiducial region. In general, a particle-level or truth-level
measurement is considered detector-independent, making it comparable across different ex-
periments and with different theoretical models. In particular, the unfolded distributions are
compared with various state-of-the-art theory predictions at different orders of calculations
in QCD and EW, and re-interpreted with the Effective Field Theory (EFT) formalism.

The sections dedicated to analysis strategy and results are organized as the following.
First, we describe the data and MC samples in Sec. 5. Based on the MC simulations, the
signal optimization strategies in Sec. 6 and the background estimation strategies in Sec. 7
will be discussed in detail. We will provide several theoretical studies in Sec. 8 to outline the
fiducial phase space definition and the particle-level predictions to be used for constructing

the unfolding response matrices and for comparisons with the unfolded results. In Sec. 9, we
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Figure 20: The representative Feynman diagrams of the dominant background processes:
(a) tt process, (b) SM WW QCD process, (c¢) the Drell-Yan background producing two tau
leptons, (d) ggF H— WW* process plus two jets.

will elaborate the statistical analysis used to extract the cross sections with the evaluation
of various systematic uncertainties and the unfolding strategy. Finally, we will report the
results using the ATLAS Run-2 dataset in Sec. 10 and the EFT interpretation strategy and

results in Sec. 11.
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5 Data and Monte Carlo samples

5.1 Data samples

This analysis uses the full ATLAS Run-2 dataset!, consisting of all proton-proton collision
data collected from 2015-2018 at /s = 13 TeV. The integrated luminosity is 139 fb~! with
an uncertainty of 1.7%, as measured by the LUCID-2 detector [53].

The data are subjected to quality requirements. Events recorded during periods when
the relevant detector components were not operating normally are rejected, and only events

from the standard All Good Good Run List are used in the analysis [54].

5.2 Monte Carlo samples

Monte Carlo (MC) event generators simulate the signal and background events produced in
the proton-proton collisions at the center-of-mass energy of /s = 13 TeV. In general, the
MC events are produced at parton-level and are successively simulated for parton shower and
hadronization to particle-level. Next, all MC samples are processed through GEANT-4 [55] to
simulate particle interactions with the ATLAS detector. Finally, similar to data, MC events
are processed by the standard ATLAS reconstruction programs to reach the reconstruction-
level. The reconstruction-level MC samples are used to optimize the signal event selection

and the multivariant analysis and to evaluate various systematic uncertainties.

5.2.1 Signal samples

The nominal signal VBF events are generated with POWHEG [56], accurate to next-to-leading
order (NLO) in QCD and EW corrections. It is interfaced with PyYTHIA 8 [57] to model the
H— WW*— (vlv decay, parton shower, hadronization and underlying events (activities of
the rest of the partons) with the AZNLO tune [58]. The EVTGEN program [59] was used

for the properties of the bottom and charm hadron decays.

IThis excludes 0.13 fb~! of data collected in 2015 using the 50 ns bunch spacing config-
uration, as well as the low pile-up runs.
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An alternative sample uses the same POWHEG VBF sample but the Higgs decay and
parton shower are simulated by HERwIG 7. This sample is compared to the nominal sample
for the evaluation of uncertainties arising from parton shower and underlying event modeling.
Additionally, the difference between this sample and a MADGRAPH5 _AMCQ@QNLO+HERWIG 7
sample provides the matching uncertainty. All samples use NNPDF30_nlo_as_0118 [60] as
the nominal parton distribution function (PDF).

All the inclusive signal MC samples are normalized to a cross section calculated up to
the full NLO order in QCD and EW [61,62] with an additional approximate next-to-next-
to-leading (NNLO) QCD correction [63]. The VBF inclusive cross section is [4]

ot — 3781 £ 79 fb, (22)

where the uncertainty is the total theory uncertainty. Multiplying the cross section with the
branching ratio of the Higgs boson decaying to two W bosons, which is 0.214 + 0.003 [4], we
obtain the VBF H— WW™ cross section

o e = 809 4 20 fb. (23)

The cross section and branching ratios are simulated at a Higgs mass of 125.00 GeV. In-
cluding the W boson leptonic decay branching ratio of 0.109 4+ 0.001 [64], the expected

VBF H—WW?*— fvlv cross section is derived:

OVBE Hos Wi vy = 86.5 = 2.4 fb. (24)

5.2.2 Background samples

The nominal samples of the most dominant background processes are used in designing the
kinematic cuts and the multivariant analysis. First, the SM W W sample is simulated using

SHERPA2.2.2 [65] with 0 and 1 jet at NLO accuracy, and 2 and 3 jets at LO accuracy.
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Electroweak diboson production in association with two jets (VVjj) is generated using
MADGRAPHS_AMC@NLO with LO matrix elements and interfaced with PyTHIA 8 for
parton shower. The Drell-Yan sample is simulated with SHERPA2.2.1 with a dedicated
parton shower tuning [66]. For the top background, the top-quark pair production sample
is generated with POWHEG and interfaced with PyTHIA 8. The inclusive cross section of
the sample is normalized to the value calculated at NNLO [67]. The single top background,
mainly Wt, is simulated by POWHEG and PYTHIA 8.

The Z~ and W+ contributions in the analysis are estimated from MC samples modeled
by SHERPA2.2.8 at the NLO accuracy for 0 and 1 jets. The overlap between these V'~
samples and Drell-Yan events is removed.

The MC samples of W+jets and Z+jets used to validate and estimate jets misidentified
as leptons are simulated by POWHEGMiINLO and showered by PyTHIA 8.

Finally, the other Higgs production modes with the Higgs decaying in the same H— WIW*
channel are also considered. The analysis includes the ggF and associated Higgs boson
production VH (V = W, Z), whereas the Higgs production modes in association with a
heavy quark pair (t¢H, bbH) are found to have a negligible contribution and are not included
in the analysis. The nominal ggF sample is simulated at NNLO accuracy in QCD using the
PowHEG NNLOPS program [68-72], interfaced with PyTHIA 8.212 for parton shower. On
the other hand, the V H sample is simulated at NLO accuracy with one additional jet using

POwWHEG+PYTHIA 8.212.
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6 Signal optimization

The event selection of this analysis is optimized based on the nominal MC simulation
of the signal and backgrounds. The same selections are applied to the data. The VBF
H— WW*— lvlv + 25 event candidates are required to have exactly one electron and one
muon of opposite charge, in addition to at least two jets with specific kinematic configura-
tions that enhance the VBEF signal. In this section, we first define the final-state physics
objects in Sec. 6.1 and the common set of observables used in this analysis in Sec. 6.2. Next,
we discuss event pre-selection in Sec. 6.3 prior to introducing the signal region selection
in Sec. 6.4. Finally, we discuss the multivariant analysis, the boosted decision tree (BDT)

technique, used to further optimize analysis sensitivity in Sec. 6.5.

6.1 Physics objects

The physics objects reconstructed using techniques discussed in Sec. 3.3 are further selected
and calibrated to serve the purposes of this analysis. Subsequently, the kinematics of these
objects enter the event selection, the BDT training and evaluation, and the calculation of

observables that this analysis intends to measure.

Leptons

Lepton identification choices impact the analysis primarily through the rejection of the back-
ground from jets mis-identified as leptons, with a trade-off for signal efficiency. Leptons are
required to originate from a primary vertex with no less than two associated tracks, each
with a transverse momentum py > 500 MeV. The absolute value of the longitudinal impact
parameter of each lepton track, |zosinfy|, is required to be less than 0.5 mm for both electrons
and muons. Moreover, the significance of the transverse impact parameter calculated with
respect to the beamline (|dy|/0q,) is required to be less than 5 (3) for electrons (muons).

The electrons are selected from clusters of energy deposits in the calorimeter that match
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a track reconstructed in the inner detector. The chosen identification working points are
the combination of Tight for electrons with pr < 25 GeV and Medium for electrons with
pr > 25 GeV, where the working point definitions are given in Sec. 3.3.2. Additionally,
electrons are required to have a pseudorapidity |n| < 2.47, excluding the transition region
between the barrel and the endcaps in the liquid argon calorimeter in region 1.37 < || <
1.52. To reduce the number of misidentified leptons, the Fiz (Tight) isolation working point
is applied. Finally, a requirement (AUTHOR = 1) is added to select electrons that are
reconstructed exclusively as electrons. All of the electron requirements are summarized in

Table 1.

pr range ‘ Electron ID ‘ 7 range ‘ Author ‘ Isolation ‘ Impact parameter

<25GeV | Tight

=95 GV | Medium (In] < 1.37) || (1.52 < |n| < 2.47) 1 Fix (Tight) | |2osinf| < 0.5 mm, |do|/0q, <5

Table 1: Electron selection requirements.

To optimize the muon selection for the signal, both the muon identification and isolation
working points are chosen to be Tight. The definition of the working points is detailed in

Sec. 3.3.3. The muon object requirements are summarized in Table 2.

pr range \ Muon ID \ 7 range \ Isolation \ Impact parameter
>15 GeV | Tight ||[n] <2.5] Tight | |zsinf] < 0.5 mm, |do|/oa, <3

Table 2: Muon selection requirements.

Jets

Jets are reconstructed using the anti-k; algorithm [46] with a radius parameter R = 0.4
implemented in the FastJet package [73]. Jets with pr > 30 GeV are seleted. The sub-
threshold jets (20 GeV <pr <30 GeV) are kept and are used later to reject events with
central soft jets (discussed in Sec. 6.4). The pseudorapidity range of jets extends to |n| < 4.5.
In addition, the analysis applies a Jet Vertex Tagger (JVT) requirement defined in Sec. 3.3.4.

Jets with pr < 60 GeV are required to have JVT greater than 0.59 to suppress pile-up.
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A b-tagged jet contains b-hadrons and is identified via the the DL1r b-tagging algo-
rithm [74]. The b-tagged jets with py > 20 GeV and |n| < 2.5 are referred to as b-jets in the

analysis.

Missing transverse energy

This analysis denotes the magnitude of the missing transverse energy (MET) as E*S. By
definition, MET is the negative vectorial sum of the transverse momenta of the hard objects,

and the soft term [75].

E?iss = - Z Pri— Z Py (25)

hard,i soft,j
The former are the reconstructed and calibrated jets and leptons. The later are reconstructed

tracks that are not associated with these objects but originate from the primary vertex.

Overlap removal

The above reconstructed objects are identified independently. When two objects of the
same type or different types have significant overlap, one of the objects is removed to reduce
backgrounds. This process is called the overlap removal. We use the official Analysis Software

Group tool for such removal, which is done in the following steps:

e clectron-electron: if there is an overlapping second layer cluster or a shared track, the

lower-pr electron is removed.

e clectron-muon: if a combined muon shares an inner detector track with an electron,
the electron is removed; if a calorimeter-tagged muon shares an inner detector track

with an electron, the muon is removed.

e clectron-jet: the jet is removed if AR(jet, electron)< 0.2; for the rest of the jets, the

electron is removed if AR(jet, electron)<min(0.4,0.04 4+ 10 GeV /p5.).

e muon-jet: when AR(jet, muon) < 0.2, the jet is removed if the jet has less than three
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associated tracks with pr > 500 MeV or both of the following conditions are met - the
pr ratio of the muon and jet is larger than 0.5 (pi}/pjft > (.5) and the ratio of the
muon pr to the sum of pr of tracks with pr > 500 MeV associated to the jet is larger
than 0.7. For any surviving jets, if AR(jet, muon) <min(0.4,0.04 + 10 GeV/p4), the

muon is removed.

However, a b-tagged jet is always saved from overlap removal.

6.2 Observables

This section defines observables frequently used throughout this thesis. The observables
are measured or derived from the physics objects defined in the previous section. The
two leptons and two jets are generally ordered by their transverse momentum referred as
leading/subleading lepton or jet.

This analysis measures the following 13 observables:

e m;j;: the invariant mass of the two leading jets;

e Ay;;: the rapidity difference between the two leading jets;

e signed Ag;;: the difference in azimuthal angle between the forward jet with higher
rapidity and the central jet with lower rapidity:

A Qsjj — ¢forward _ gbcentral’ (26)
where the observable is also denoted by Ag¢;; in this thesis for simplicity and the
absolute value is labeled as |A¢,;;

° p?ﬁ: leading jet transverse momentum,;
° pfﬁ: subleading jet transverse momentum;

e my: the invariant mass of the two charged leptons;
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Ad¢y: the azimuthal angle between the two final state leptons;
Ayy: the rapidity difference between the two leptons;
pry: the transverse momentum of the two-lepton system;

cos(fy): calculated from the pseudorapidity difference between the leptons (Any):

cos(f,) = tanh (%) ; (27)

pfﬁ: leading lepton transverse momentum;
pfﬁ: subleading lepton transverse momentum;

pit: the transverse momentum of the Higgs boson calculated as the magnitude of the

vectorial pp sum of charged leptons and MET from the W boson decays.

Furthermore, we define several additional observables used in the event selections and

the BDT training. First, there are several observables dedicated to background suppression.

The invariant mass of the tau leptons in Z — 77 events (m.,,) is introduced to reduce the

Drell-Yan background. Based on the Collinear Approximation Method [76], neutrinos from

the tau decays can be assumed to be the only source of the observed MET in the event

and their energy fractions can be computed. The m.,, variable is calculated based on the

momentum of the leading lepton (p'!), subleading lepton (p?), and MET (magnitude denoted

as Emiss):

My = , 28
o o (28)
o PPl — pllpl? (20)
1 — ; ; )
Py BT — PRETS + iy — ool
11,02 01,02

= miss __ ,l1 ['miss 11,02 _ 1,527
P B — py EX + pupy — Dy ps

where the indices, x and y, represent the x and y components of the momenta, respectively.
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Rejecting events with b-jets significantly suppresses top-quark induced background. The
number of jets with pr > 20 GeV identified as b-jets from the b-tagged algorithm (DL1r) at
85% efficiency is defined as Ny_je;.

One of the most important variables for the BDT training and the discriminating variable

for the Drell-Yan background estimation is the transverse mass (mr), defined as

, _ L
mr = \/(ET,ll + E?Zss)g — |pru + B3| (31)

where Ery = +/|prul® + mfl and pry; is the vector sum of the lepton transverse momentum.
This variable peaks around the Z boson mass for the Drell-Yan process. On the other hand,

the my spectrum for the VBF H— WW* signal has a cut-off at the Higgs mass.

6.3 Pre-selection

Prior to the final event selections aiming to maximize sensitivity to the respective signal
or background process, a number of common kinematic cuts known as pre-selections are
applied. Pre-selection cuts are summarized in Table 3. In the channel selection, events are
required to have exactly two opposite-flavor and opposite-sign charged leptons (e and u)
to reduce the background from diboson processes. Events with any additional lepton are
vetoed. Fig. 21 shows some examples of kinematic distributions in the pre-selection region.

The signal-over-background ratio (s/b) at pre-selection level is approximately 0.0004.

Pre-selection cut Description

Channel selection ep/pe channel and event weights applied
Trigger selection and matching trigger selected and trigger weight applied

Only two Leptons Require exactly two identified leptons (except for fakes)
Lead lepton pr pf}l > 22 GeV

Subleading lepton pr p’% > 15 GeV

Opposite sign leptons Require zero dilepton charge

my, selection cut my > 10 GeV

Table 3: Pre-selection cuts applied before event selections for different signal and background-
enriched regions. The lepton identification criteria is different for the fakes. The fake factor
implementation will be detailed in Sec. 7.1.
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Figure 21: The Higgs pr and A¢y; distributions in the pre-selection region from the ATLAS
Run-2 data (black data points) and MC simulation (filled histogram). The uncertainty band
shows only MC statistical uncertainties, and the error bars on the data points represent data
statistical uncertainties. The bottom panel shows the data-to-MC ratio.

6.4 Signal region selection

There are three macro regions defined by different kinematic selections: the VBF signal
region (SR), the Drell-Yan region (CRZjets) and the ggF region (ggF CR). We will discuss
the definition of the control regions dedicated to estimate the respective background procress
in Sec. 7.

The SR cuts are listed and described in Table 4. Selected events are required to have
at least 2 jets with pr > 30 GeV. To reject the top-quark induced background, events
with any b-jet are vetoed. The Z — 77 veto suppresses Drell-Yan background. Requiring
mj; > 450 GeV and Ay;; > 2.1 further reduces the top background while maintaining
the signal efficiency, since jets from the VBF process tend to be more energetic and more
separated in rapidity. The A¢y < 1.4 requirement reduces the SM WW background events

in which the leptons are less collimated than the signal. Due to a pronounced color-flow

48



suppression in the VBF events, a central jet veto (CJV) is imposed to select events with low
hadronic activities between the rapidity space of the two leading jets. Finally, the outside
lepton veto (OLV) is introduced as the Higgs decay products should be between the two
leading jets. The two VBF topology cuts, CJV and OLV, successfully reject the majority
of VH and ggF background to a few percent level. In Fig. 22, we show the comparison of
the ATLAS Run-2 data and MC simulation at reconstruction-level selected in the SR for
several observables. The MC simulation is generally compatible with the data within the

data statistical uncertainties.

Signal region cut Description

2-jet (30,30) Require at least 2 tagged jets (pr > 30 GeV)

b-veto Ny—_jer =0

CJV (20 GeV) Reject events with a third central rapidity jet pr > 20 GeV
OLV bool Lepton n required to be between the two leading jets

Z — 7T veto Mer < My — 25 GeV

ijj cut ijj > 2.1

mj; cut mj; > 450 GeV

AQSU cut Agbll <14

Table 4: VBF signal region selections.

6.5 Signal optimization with boosted decision tree

Even after the SR selections, s/b is only 0.13. To further maximize sensitivity, we adopt the
boosted decision tree (BDT) algorithm which is a multivariant machine learning technique
implemented in the TMVA package [77]. In general, a decision tree is a collection of cuts
based on the input variables, designed to classify events as signal-like or background-like. A
given signal event is correctly identified if it is placed in a signal-dominated “leaf” and vice-
versa for background events. After the initial tree is built another tree is grown to better
separate the signal and background events mis-identified by the first tree. This proceeds
iteratively until there is a collection of a specified number of trees, a process known as
boosting. A weighted average is taken from all the trees to form a BDT output discriminant

with values ranging from -1 to 1. Signal-like events are scored higher by the BDT and
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Figure 22: The A¢y, mj;, mp and jet multiplicity distributions in the VBF signal region
from the ATLAS Run-2 data (black data points) and MC simulations (filled histogram).
The uncertainty band includes MC statistical, experimental and theory uncertainties, and
the error bars on the data points represent data statistical uncertainties.

background-like events are scored lower.

In contrast to the inclusive VBF H— WW* cross-section measurement [78] which uses a
Deep Neutral Network technique, our usage of machine learning is less aggressive in signal

vs. background separation because we need to minimize any bias in the differential measure-
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ments for the new physics interpretation. Meanwhile, we choose the minimal set of training

variables to provide both high discrimination and good modeling.

6.5.1 Signal optimization for fiducial cross-section measurement

For the fiducial cross section measurement, two BDTs are trained in the SR. First, a BDT
discriminating VBF signal against the top and diboson background (Dygr) is trained with 12
variables from a partial set of MC samples of the signal and background nominal predictions.
The variables are listed in Table. 5. The variable ) C; is the sum of lepton 7-centrality which
quantifies the positions of the leptons relative to the leading jets in pseudorapidity [79]. None
of the training variables has significantly higher importance comparing to the others which
is desired for bias minimization. The good data-MC agreement shown in Fig. 22 also ensures
good modeling of the BDTs. We do not see evidence of over-training by comparing the BD'T
output distribution of the normalized signal and background for the training sample and a
testing sample in Fig. 23a between 0.5 < Dygr < 1.0. The full Dygr distribution projected
with fine binning is shown in Fig. 23b. The signal events (blue) are concentrated in the high

BDT regime, whereas the top and diboson (yellow and dark purple) events score lower in

the BDT.
Variable | Importance
mr 0.14
Aoy 0.12
ijj 0.10
mj; 0.09
my 0.09
o 0.08
> C 0.08
Ayll 0.07
U 0.07
152 0.07
i 0.06
Agy 0.05

Table 5: Ranking of the variables used as input to the training of the BDT signal vs. top
and diboson.
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Figure 23: The VBF BDT output. (a) BDT output distribution of normalized VBF (signal)
and top and diboson processes (background) for the testing and training samples. The
binning corresponds to the one used in the analysis. (b) VBF BDT output distribution of
the signal and all backgrounds MC samples in a finer binning. The error band includes the
statistical, experimental and theory uncertainties.

The second BDT in the SR is trained to separate top plus diboson from every other
processes (Diop+vy). The input variables are given in Table 6 and the BDT outputs are
shown in Fig. 24. The variable M;y;; is the invariant mass of the leading jet and lepton.

Since the signal is concentrated in the high VBF BDT regime, SR is further divided into
two sub-regions: Dygr > 0.5 (SR1) and Dygr < 0.5 (SR2). As a combined discriminant used
for the signal extraction fit, Dypr is projected in SR1 to the binning [0.5,0.7,0.86,0.94, 1.0],
whereas in SR2, Diopyvy is projected to four equal bins between Digpyvy = —1 and
Diopyvv = 1. This is what we call the 2-dimensional Dypr — Dioptvy discriminant. From
MC simulation, the bin with the highest BDT score in SR1 reaches s/b = 1.30, ten times
larger than the inclusive SR. On the other hand, SR2 is more dominated by top and diboson
background, and the purity of top and diboson in the last Diop vy bin is 96%. The pre-fit

2-dimensional discriminant from simulation (filled histogram) and data (black data point) is
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Variable | Importance
ijj 0.11
Aoy 0.08
Ayl | 0.05
> C 0.04
Mlljl 0.04
152 0.03
151 0.01

Table 6: Ranking of the variables used as input to the training of the BDT of top and
diboson vs. other processes.

0.8 [ o T
E - Signal (test sample) @  signal (training sample) : :I.O5 ATLAS Internal ¢ Data &\\Uncertainly
0.7 E Background (testsample) @  Background (training sample) % 10° (s=13 TeV,I Ldt=130 " EHyer EH
3 2 SR lH, HEH-Ttt
0.6 ., EWW @ Other W
C 10 [Jt _ [DSingle Top
05E Wzy CMisld -
0.4F N
03 /
0.2 /
0.1
102 E
o 1.6
5 LO4E ' g 14f N [
@ F L =12 < S :
< 1o b & TR % AN S ANV RN
S 3 ol SRR Lt Tlerr et
= E * < . ! ‘ 1 T D T 3
S 0.98F ¢ ] 8 06E !
= 0.96F : : ‘ : ‘ ‘ : — 0471208 =06 04 02 0 02 04 06 08 1
-08 -06 -04 -02 0 02 04 06 08 BDT output Top+Ww
BDT output Top+WW

(a) Top and diboson BDT output of the train- (b) Top and diboson BDT output of all sam-
ing and testing samples. ples in the signal region.

Figure 24: The top and diboson BDT output. (a) BDT output distribution of normalized top
and diboson (signal) and other processes (background) for the testing and training samples.
The binning corresponds to the one used in the analysis. (b) The top and diboson BDT
output distribution of the signal and all backgrounds MC samples in a finer binning. The
error band includes the statistical, experimental and theory uncertainties. The bottom panel
shows the ratio of the data to the expected distributions.

shown in Fig. 25.
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Figure 25: The pre-fit MC distribution (filled histogram) of the 2-dimensional Dypp —
Dyoptvyvy discriminant (a) in SR1 onto the Dypp axis and (b) in SR2 onto the Diopivv
axis, compared with the Run-2 dataset (black data points). The error bars indicate the
data statistical uncertainties, while the uncertainties in the MC prediction are shown by the
hatched band, which includes experimental and theoretical uncertainties. The bottom panel
shows the ratio of the data to the expected distributions.

6.5.2 Signal optimization for differential cross-section measurement

For the differential cross-section measurements, the inclusive SR is segmented according to
the observable binning. In each bin, a similar 2-dimensional discriminant is used, except
that the Dypp is re-trained in the SR for each differential measurements with a reduced
set of input variables, excluding the observable to be measured and its highly correlated
variables (> 40%) to minimize bias. The variables removed from the BDT input list for each
observable to be measured are summarized in Table. 7. The other observables not shown in

the table use the same Dvgp as the inclusive fiducial measurement.
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Observable Variables removed
to be measured | from BDT input
Ayjjmy; Ayjj, my;
Aoy Aoy, my
Adjj |A¢y;|

Pr, by Pr, pY
my ma, Ay, Agy
Ayy Ayy, my

Table 7: Variables removed from the BDT input list for several observables to be measured.
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7 Background estimation

The dominant background processes in the signal region are categorized into mis-identified jet
(fakes), Drell-Yan, ggF plus two jets, top, and diboson. The fakes are evaluated with a data-
driven fake factor method to be discussed in Sec. 7.1, whereas the other dominant background
processes are estimated by the respective data-over-simulation normalization factors. The
top-quark pair (¢t) and single-top-quark (Wt) productions are collectively referred to as the
top background, and the non-resonant diboson background includes the pair productions of
vector bosons such as WW , W Z, ZZ, and W~. The similar kinematic features of the top and
diboson backgrounds make it hard to estimate their contributions separately. Therefore, the
analysis estimates the sum of the two backgrounds and the strategy is explained in Sec. 7.2.
The estimation of the Drell-Yan background, including both the QCD and EW processes,
and the ggF background are driven by the Drell-Yan control region (CRZjets) defined in
Sec. 7.3 and the ggF control region (ggF CR) discussed in Sec. 7.4.

The normalization of other miscellaneous processes, which are expected to be much less
significant in the signal and control regions, are fixed to their nominal MC predictions.
Table 8 summarizes the composition of different processes in the three macro regions obtained
from MC simulations. The VH, Vv and Higgs boson decay to two tau leptons (H77) are

fixed to the MC simulation in all the regions.

Signal and background to be Signal and background
estimated from data (composition %) | estimated from MC (composition %)
CRZjets | Z+jets (72%) top+VV (19%), Vy(3%), VBF (3%),
Hrr (2%),g¢F (1%), VH (< 1%)
ggF CR | top+VV (84%), Z+jets (8%) V~(1%), VBF (< 1%), VH (< 1%)
geF (2%) Hrr (< 1%)
SR top+VV (72%), Z+jets (8%) Vy(1%), Hrr (< 1%), VH (< 1%)
VBF (11%), ggF (2%)

Table 8: Composition of each signal and background process in the CRZjets, the ggF CR,
and the SR. The reported composition values are obtained from MC simulations.

56



7.1 Jets mis-identified as leptons

A jet mis-identified as a lepton is referred to as a fake lepton. The dominant backgrounds
which contain fake leptons are the W +jets and the multi-jet processes. The modeling of the
fake leptons is known to have significant discrepancies with data. Therefore, this background
is estimated by a data-driven fake factor method. The fake factor is defined as the ratio of
the number of fake leptons being identified and anti-identified (anti-ID). The Z+jets and
di-jet control data samples in a jet-enriched region are used to derive the fake factors needed
by this analysis. The fake factors are applied to the anti-ID leptons counted in the W +jets
control region with the same kinematic selections as the signal region except that one lepton
is anti-ID. In this way, we extrapolate the amount of identified fake leptons in the signal
region from the estimated anti-ID fake leptons.

In this thesis, the anti-ID leptons are defined as the reconstructed leptons passing looser
identification criteria than the identified leptons discussed in Sec. 6.1. No isolation require-
ments are imposed on the anti-ID electrons or muons. Moreover, the upper bound for the
transverse impact parameter significance |dy|/og4, for the anti-ID muons is increased to 15.

The requirements for the identified and anti-ID leptons are compared in Table 9.

Electron Muon
identified ‘ anti-identified identified ‘ anti-identified

pr > 15GeV pr > 15GeV

In| < 2.47excluding 1.37 < |n| < 1.52 In| < 2.45
|zpsinf] < 0.5 mm |z0sin 0| < 0.5 mm
|do|/o(dy) <5 |do|/o(do) <3 |do|/o(dy) < 15
Tight identification if
pr < 25 GeV . . . . . . . . . . .
Loose identification Tight identification | Medium identification

Medium identification
if pr > 25 GeV

Fix (Tight) isolation Tight isolation
AUTHOR =1
Veto against Veto against
identified electron identified muon

Table 9: Requirements for the identified and anti-identified electrons and muons.

While the analysis uses two types of fake factors, the Z+jets and di-jet fake factors, we
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dedicate the discussion to the Z+jets fake factor derivation from the Z+jets control sample.
The derivation of Z+jets fake factors uses a sample sufficiently pure in Z+fake lepton. The
events containing three leptons with pr > 15 GeV are selected, and two of the leptons need
to have the same flavor but opposite charge to be considered as decay products of the Z
boson. Invariant-mass windows are defined to reconstruct the Z mass for the two-electron
and two-muon decay channels. The lepton-pair whose invariant mass is closest to the Z mass
are considered real leptons and the remaining lepton is the fake candidate. The selection
requirements have 99% efficiency of correctly assigning the leptons from the Z decay.

After the non-Z+jets MC events are subtracted from the control sample, the fake factor
(F.F.) is calcuated as the probability of the third lepton being identified divided by the

probability of being anti-identified:

N’ total — Nion—z
o " Ttota non—Z+jets
FF= = , (32)
total non—Z+jets

The fake factors are derived as a function of the fake lepton transverse momentum and
pseudorapidity. The fake factor as a function of electron pr is shown in Fig. 26. The muon
fake factors are derived in the region || < 1.05 and 1.05 < |n| < 2.50 and further calculated

as a function of the muon pr as shown in Fig. 27.
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Figure 26: Fake factors derived in the jet-enriched region as a function of electron pr.
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Figure 27: Fake factors derived in the jet-enriched region as a function of muon pz in the
low-n region (left) and in the high-n region (right).

Background events from mis-identified leptons can be classified as “single-fake” or “double
fake”. The single-fake backgrounds have one real lepton and one mis-identified lepton,
whereas the double-fake background denotes events with both leptons mis-identified. The
former generally come from the W +jets process and the latter from QCD multi-jet processes.

The number of events in the signal region can be expressed as
Niy = NEW + NJTHe 4 NOP, (33)

where the superscript ‘i’ stands for an identified lepton. The Nfiw term denotes all the
electroweak process with two real leptons, including both signal and backgrounds. The
second and third terms denote the W+jets and the QCD multi-jet backgrounds with one
and two fake but identified leptons, respectively. In order to estimate the fake background,
a W +jets control region is defined with exactly one identified lepton and one anti-ID lepton,

and the number of events in this region is expressed as:

Niq = N}V 4 NEW 1 N{?aCD, (34)

where the superscript ‘a’ stands for an anti-ID lepton. Here, the Nf:v term denotes processes

with two real leptons but one being anti-ID, which contaminate W +jets control region.
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The MC simulated electroweak events are subtracted from the data before the fake factor

application. The QCD multi-jet contribution is small compared to the W+jets, but it is

explicitly accounted for in the single-fake estimation. Similarly, the double-fake is estimated

from a dedicated region with two anti-ID leptons.

The triggering scenarios determine which fake factor to be applied:

e di-lepton trigger: apply Z+jets fake factors;

e single-lepton trigger:

— single-fake and the anti-ID lepton fires the trigger: apply di-jet fake factors;

— single-fake but the identified lepton fires the trigger: apply Z+jets fake factors;

— double-fake: apply di-jet fake factors to the lepton that fires the trigger; apply

Z+jets fake factors to the other lepton.

Shown in Fig. 28, the difference between the data and the electroweak processes in the

W +jets control region is taken as the fakes. After applying the fake factor, we obtain the

contribution of identified fake leptons in the SR.
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Figure 28: Kinematics distributions in the W+jets control region, with the data (black
markers), electroweak processes in MC (blue histograms), and difference (blue markers)
which represents the estimate of the fake background. No fake factors are applied.

60



7.2 Top and diboson

From MC simulation, the top plus diboson backgrounds is the dominant background with
72% in composition in the SR. The accurate estimation of this background directly impacts
the signal measurements.

For the fiducial cross-section measurement, the top and diboson background is estimated
from the inclusive SR by a data-over-simulation normalization factor. The estimation is
driven by the high Diop vy regime in SR2 as it is the most pure in top and diboson back-
ground.

On the other hand, top plus diboson background is estimated from every observable bin
or every few bins in the differential measurements. The estimation scheme is determined
based on two criteria: the statistical uncertainty of each normalization factor needs to be
below 20% and the MC simulation of top plus diboson in the region of estimation is relatively

flat to reduce large extrapolations. We will specify the normalization scheme in Sec. 9.

7.3 Drell-Yan

The Drell-Yan background (Z+jets) is estimated simultaneously in the SR and the dedicated
control region (CRZjets) defined with kinematic selections that are as close as possible to
the SR selections while maximizing the purity for the Drell-Yan events.

The Drell-Yan background is dominated by Z — 77 events where the two 7 leptons decay
to one electron, one muon and neutrinos. The Drell-Yan background can be discriminated
from the signal as well as the other backgrounds by using the information associated to
the mass of the reconstructed 7 — 7 system (m.,,). The calculation is given in Eq. 30. By
selecting events within a 25 GeV mass window about the Z mass, the Drell-Yan region is
very pure in the Z+jets contribution (72%). Meanwhile, this region also has a requirement
on the invariant mass of the two leptons (my; < 80 GeV) since the leptons from the Z
boson decay tend to have low energy due to the extra tau neutrinos. Fig. 29 reports the

m.,, and my; distributions in the Drell-Yan region. Finally, the A¢; and Ay;; SR selections
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are not applied in CRZjets to maintain enough statistics. The my variable is used as the
discriminant in this region with 5 equal-sized bins between 40—150 GeV. The simulation

and data are compared in Fig. 32 (left).

> N B > R e
[ — — [ —
& S90CATLAS Internal ¢ Data 2\ Uncertainty | 4} 300: ATLAS Internal ¢ Data 2\ Uncertainty
Q [ fs=13Tev, | Ldt=130f" MAHs- ElHy ] 3 FVs=13Tev, [ Ldt=139fb" MlHe: EHHyr
@ [Drell-Yan CR EH,, MEH-T ] 2 250 4 lie chamnel mH,, BEH-T
£ 4o0brelyan EWW @ Other W ] = [ e T e channe EWW mOther W
i C [t [SingleTop ] @ 200F- [t . [@Single Top
[ Mis-Id F Wzy [CMis-ld
\
0
.18 .
8 12 2
o 15 o
- 0.8k ~
g 9% 2
8 oZpnnmn : : : : ‘ =
90 50 60 70 80 90 100 110 120 130 140
m, [GeV] m, [GeV]
(a) my,. (b) my.

Figure 29: The m,, and my distributions in the Drell-Yan region from the ATLAS Run-2
data (black data points) and MC simulation (filled histogram). The error bars on the data
points show statistical uncertainties in data. The uncertainty band includes MC statistical,
experimental and theory uncertainties. The bottom panel shows the data-to-MC ratio.

7.4 Gluon-gluon fusion plus two jets

The ggF control region (ggF CR) is designed to be orthogonal with the SR by inverting
either the central jet veto (CJV) or the outside lepton veto (OLV) requirement, i.e. an event
needs to pass one of these requirements but fail the other one. Since the ggF' CR is also
required to contain at least two jets with pr > 30 GeV, this region is kinematically close to
the signal region however with a trade-off of low ggF purity, as most of the ggF+2jets events
arise from higher order QCD effect. Due to the low ggF statistics, the Ay,; and cuts m;;
cuts are not included. Other kinematic selections are the same as the SR. A few kinematic

distributions in the ggF region are given in Fig. 30.
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Figure 30: The m¢ and mj; distributions in the ggF region from the ATLAS Run-2 data
(black data points) and MC simulation (filled histogram). The error bars on the data points
show statistical uncertainties in data. The uncertainty band includes MC statistical, exper-
imental and theory uncertainties. The bottom panel shows the data-to-MC ratio.

The ggF composition in the ggF' CR is 2.4%, whereas the top plus diboson composition
reaches 83.6% and the Drell-Yan is 7.8%. The sensitivity to ggF is enhanced by a BDT
trained in the ggF' CR (Dger) to distinguish ggF from all other background processes. The
training variables are listed in Table 10. The BDT output results are shown in Fig. 31. The
agreement between the training and testing samples demonstrates no sign of over-training.
The ggF BDT is projected into four equal bins to be fitted to data. The ggF purity is the
highest in the last bin at 6.6%. The ggF process is simultaneously estimated in the SR and
the ggF CR.

To accurately estimate ggF contribution, the top plus diboson as well as the Drell-Yan
backgrounds are estimated from data in this region with two additional data-over-simulation
normalization factors. The decision to estimate Drell-Yan independently in ggF CR is also
due to the different QCD and EW compositions compared to those in the signal region
and Drell-Yan regions. Despite the small contribution from the ggF plus two jets process,

estimating ggF directly from data reduces model dependency as our MC simulation is limited
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in higher QCD perturbation. In this way, we relaxes the fit by adding the additional degree
of freedom. The pre-fit MC fitting template in ggF CR is shown in Fig. 32 (right), and we

observe good agreement between the simulation and data.

Variable | Importance
Aoy 0.24
Ayll 0.17
my 0.16
Adys 0.12

Er miss 0.04
p;.f’l < 0.01
pﬁ < 0.01

Table 10: Ranking of the variables used as input to the training of the BDT trained in the
ggF control region.
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Figure 31: The ggF BDT output. (a) Normalized BDT output distributions of the ggF (sig-
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CRZjets and (b) ggF CR compared with the Run-2 dataset (black data points). The error
bars on the data points indicate the data statistical uncertainties, while the uncertainties in
the prediction are shown by the hatched band, which includes experimental and theoretical
uncertainties. The bottom panel shows the data-to-MC ratio.
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8 Fiducial phase space and particle-level predictions

In this section, we present five theoretical predictions that will be compared with the unfolded
data: POWHEG+PYTHIA 8, POWHEG+HERWIG 7, MG5+HERWIG 7, VBFNLO+PYTHIA 8
and VBFNLO-NLO. All samples use NNPDF30_nlo_as_0118 [60] as the nominal parton dis-
tribution function (PDF). Similar to reconstruction-level selection, we define the particle-
level objects and the particle-level event selections in Sec. 8.1. While we provide comparison
of the cross sections from five different simulations in Sec. 8.3, we only detail the theoretical
studies of the signal process using VBFNLO in Sec. 8.2 since the other three samples are

the particle-level record of the reconstruction-level signal MC samples described in Sec. 5.2

8.1 Fiducial phase space

This section first introduces the object definitions at particle-level in Sec. 8.1.1. Next, in
Sec. 8.1.2, we define the fiducial phase space in which we measure the cross sections. Both
the object definitions and the fiducial phase space are chosen to be as close as possible to

the reconstruction-level to minimize theoretical extrapolation and model dependency.

8.1.1 Particle-level objects

Electrons and muons at particle-level are required to stem from a hard scattering vertex and
they are allowed to come from a tau decay. They are “dressed”, which means the momenta
of photons emitted within a radius parameter R=0.1 around the lepton direction are added
to the charged lepton momentum after QED final-state radiation.

The constituents of particle-level jets are those with a lifetime 7 such that ¢ > 10 mm.
The anti-k; clustering algorithm [80] with R = 0.4 is used. The selected charged leptons and
neutrinos from W boson decays are not included in the jet clustering. We use ghost-matching
association [81] between jets and final-state B-hadrons in the event to tag the particle-level

b-jets. A jet is removed if it overlaps with an electron within AR < 0.2.
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Finally, particle-level MET is the transverse component of the vectorial sum of non-

interacting particles.

8.1.2 Particle-level selection

The particle-level kinematic selections are summarized in Table 11.

Category \ Fiducial Requirement \ Cut Value
Opposite sign Yes
electron and muon channel Yes
n(0)] <25
ph > 22 GeV
Leptons péT2 > 15 GeV
Nleptons > 2
AR((,0) > 0.1
my > 10 GeV
Moy < mgyz — 25 GeV
Aqbll <14
Ja > 30 GeV
n(jet)] <45
Jets (anti-k; R=0.4) Niets > 2
Nb—jet (pT > 20 GGV) <1
mj; > 450 GeV
Ayj; > 2.1
lepton-jet separation AR(Y,jet) > 04
VBF OLV Yes
CJV(<20 GeV) Yes

Table 11: Definition of fiducial phase space for VBF H— WW?*— (vlv in the e — pu decay
channel.

8.2 VBFNLO predictions

VBFNLO [62] is an efficient parton-level MC program that can simulate VBF processes
at NLO in QCD and EW. Parton-level event is the most fundamental record from a MC
simulation as the quarks (or partons) in the final state are yet to be showered. Generally,
a parton-level generator, such as MADGRAPHS_AMC@NLO, POWHEG and VBFNLO,

calculates the matrix element following the Feynman rules of the Standard Model accord-
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ing to the desired initial state and final state particles with intermediate propagators and
subsequently obtains the amplitude and the probability (cross section) for an event to occur
at each “point” in the kinematic phase space. The output events are usually stored in the
standard Les Houches Accord (LHA) format [82] to be interfaced with generators such as
PyTHIA 8 and HERWIG 7 to simulate the parton shower and hadronization effects and pro-
duce the particle-level predictions. Parton-level simulations are less time-consuming, giving
us an opportunity to investigate the QCD and EW effects, the use of different scales or
PDFs, and the parton-shower effect.

At leading order (LO), VBFNLO can generate LHA events. We interface the program
with PYTHIA 8 and obtain another particle-level sample. The showered events are processed
by a common analysis framework developed by the ATLAS HWW analysis group to be
consistent other showered samples. In this section, we explore the fixed-order calculations
at LO and NLO with VBFNLO and the shower effect using the VBFNLO+PyYTHIA 8
sample. Both LO and NLO VBFNLO samples were produced with the same dynamical

QCD scale (the momentum transfer of the exchanged gauge boson) and the G EW scheme.

VBFNLO and Pythia 8

The parton-level VBFNLO events are generated in the inclusive VBF HWW phase space,
in which all generations of leptons are allowed in the final state. The tau leptons from the
W boson decay are decayed by PYTHIA 8. Specifically, the leptonic decay products of the
tau lepton are part of the fiducial region. While the SM prediction of the fraction of tau
decay events in the inclusive phase space is 18%, it is 14% in the fiducial region, since part
of the W mass energy transfers to the additional neutrino in the process and the selection
cuts remove events with low-energy leptons.

Since the VBFNLO generator at parton-level cannot further decay the final state lepton,
VBFNLO sample at NLO does not include events from the tau decays. This causes the

VBFNLO NLO sample to have a much smaller fiducial cross section, and the shapes of
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several lepton distributions skew relative to the other samples. To correct for the lack of
tau-decay events, we calculate correction factors, which are the bin-by-bin ratios between
the VBFNLO+PvYTHIA 8 differential cross sections with and without tau-decay events, and
multiply these factors to the VBFNLO-NLO distributions. Some examples of the correction

factors are shown in Fig. 33.
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Figure 33: Distributions of lepton py produced by VBFNLO-+PyYTHIA 8 with and without
tau decay. The ratios in the bottom panels are used as the tau-decay correction to the
VBFNLO at NLO sample. The error bands in the ratio panels represent the statistical
uncertainties of the MC samples.

VBFNLO at next-to-leading order

VBFNLO uses the VEGAS algorithm [83] for integrating over the phase space to obtain
the total cross section as well as the differential cross sections. Applying EW and QCD
NLO corrections separately, we obtain a k-factor of 1.00 and 0.82 in the fiducial phase
space respectively. The simultaneous EW and QCD NLO correction gives a k-factor of 0.81.
A comparison of the leading and subleading jet pr with and without EW correction, and
with and without QCD correction is shown in Fig. 34. The comparisons of these different
VBFNLO samples show that the QCD NLO correction dominate the EW correction in
most of the fiducial region. The higher QCD effect is more significant at higher energy scale.

Fig. 35 shows the impact of the parton shower on the LO sample. The VBFNLO
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calculation at LO with parton shower results in distributions that are similar in shape to

those at NLO, illustrating the higher order effect and the parton shower effect are similar in

the defined fiducial region.
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VBFNLO uncertainties

Three sources of theory uncertainties are studied in VBFNLO: PDF, a, variation, and
QCD scale. For each of the systematics variation, a VBFNLO sample is produced, and
the fiducial and differential cross sections are calculated. The LHAPDFG6.2.3 package [84]
is used to include different PDF sets. The PDF4LHC50 PDF set [85] is used to evaluate
the PDF uncertainties and « uncertainties evaluated at the 1o values a, = 0.017 and
0.019. The QCD scale uncertainty is evaluated by taking the envelope of the different
predictions with renormalization scale and factorization scales multiplied by a factor of 0.5

or 2.0 independently.

8.3 Theory predictions comparison

The fiducial cross sections and associated uncertainties of all five samples are summarized
in Table 12. The five NLO samples provide cross sections in agreement at 1 — 11% level.
The difference is primarily due to the difference in the modeling of the third jet in the VBF
process. Among the NLO samples, VBFNLO-NLO parton-level calculations provides the
largest cross sections, as the NLO sample does not contain soft third jets from parton shower.
As a results, the central jet veto removes less events from the VBFNLOsamples. Overall,
the cross section give by VBFNLO-LO is greater than other samples by 19-28% because
the sample does not contain a third jet.

Due to the lack of theoretical systematics of the MADGRAPHS _AMCQ@QNLO-+HERWIG 7
sample, we only provide its fiducial cross section. The m;; and my; differential cross sections
of the other four samples are compared in Fig. 36 with their respective total theoretical
uncertainties. As for the rest of the 11 observables, we compare them directly with the data
in Sec. 10. From these results, we observe a significant reduction of theoretical uncertainties
from QCD LO to NLO calculations, most notably for those associated to QCD scales and

PDFs.
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Sample cross section scale PDF Qg combined

POWHEG+PYTHIA 8 2.07 fb +1.0%/ —0.3% £1.8% £04% +2.1%/—1.9%
VBFNLO+PvyTHIA 8 2.01 b +54%/ —4.5% +2.3% £1.3% +6.0%/ — 5.2%
VBFNLO at NLO 2.18 fb +2.4%/) —4.8% +£4.3% £1.5% +5.1%/ —6.6%
(with tau correction)

VBFNLO at LO 2.69 fb +54%/ —4.5% +2.3% £1.3% +6.0%/ —5.2%

(with tau correction)

MADGRAPHS_AMCQNLO+ 2.16 b - - - -
HERWIG 7

POWHEG+HERWIG 7 1.93 fb +1.0%/ —0.3% +1.8% +04% +2.1%/—1.9%

Table 12: The fiducial cross sections and the theory systematics of all parton-level and
particle-level samples.

[CA™] Powheg+Pythia8
[CZA—] Powheg+Herwig7?
=] VBFNLO@NLO
[Z_] VBFNLO@LO+Py8

0.0025

[fb/GeV]

I

0.002

do/dm

A ATLAS Internal

0.0015 fid. VBF H- WW*_. evuv

ol

0.001]
AA“\}

0.0005

>3

\|W\”.‘.‘”\‘”|‘ II||||III||||||IIII|||$[I>:!‘A|II
Gl

nominal: Powheg+Py8

1000 2000 3000 4000 5000 6000
m; [GeV]

[CA] Powheg+Pythia8
[CA™] Powheg+Herwig7
=] VBFNLO@NLO
[Z] VBFNLO@LO+Py8

[
5P

2

B

do/dm, [fb/GeV]
>,

ATLAS Internal
fid. VBF H— WW*_ evpv

>R
Ll

o

]

3
|

\|H‘\”_‘!W\”‘|‘ |||||II|||||II|IIII|IS§|IIII|III

nominal: Powheg+Py8

60 80 100 120 140 160 180 200
m, [GeV]

L
O
N
(=]
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9 Signal extraction strategy

The key ingredients of the statistical analysis are the data collected at the experiment and
the predictions simulated by various Monte Carlo programs. The goal is to fit the model
with free parameters to data where the free parameters are the cross sections to be measured,
background normalization factors, as well as other degrees of randomness originating from
detector inefficiency and resolution and from the choices of simulation programs and the
input parameters [86].

This section details the fitting method employed to measure the inclusive fiducial and dif-
ferential cross sections. The strategy extracts signal and estimate background simultaneously
from data by minimizing the negative logarithm of a binned profile likelihood which includes
the systematic uncertainties as nuisance parameters [87]. First, we discuss the different types
of systematic uncertainties considered in this analysis in Sec. 9.1. Next, Sec. 9.2 focuses on
the unfolding strategy which is used to reduce detector distortion on the differential cross sec-
tions. Finally, we elaborate the fiducial and differential cross-section measurement strategy

in Sec. 9.3.

9.1 Systematics

The uncertainties on the results are estimated from both experimental and theoretical
sources. They affect both the shape and normalization of the MC templates used in the
fit and, where applicable, the acceptance of the signal as well as the bin-to-bin migrations.
The uncertainties are symmetrized by taking the maximum of the upward and downward
uncertainties. Due to the statistical limitation of the MC simulation, the input systematics
which impact the shape of the templates are smoothed with a Gaussian kernel procedure [88].
Each symmetrized and smoothed uncertainty is later included in the likelihood function as
a Gaussian-constrained nuisance parameter.

Experimental uncertainties relevant to the leptons originate from the reconstruction,
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isolation and identification efficiency, the energy scale and resolution [89,90] as well as their
trigger efficiency [91,92]. Furthermore, the uncertainties induced by jet energy scale and
resolution are obtained from simulations and in situ measurements [93]. The uncertainty in
the suppression of jets originating from pile-up interactions is studied in various simulated
pile-up models [94], in the jet-vertex association [14], and in the b-tagging efficiency [95].
The uncertainties on MET are evaluated by propagating the uncertainties from the jets and
leptons and by applying momentum scale and resolution uncertainties to the track-based
soft term [75]. Finally, the luminosity uncertainty is +1.7%, measured by the LUCID-2
detector [53,96].

The theoretical uncertainties for the signal and the major irreducible background pro-
cesses are included. For evaluation of the fake background using fake factors, three sources
of uncertainties are involved: the statistical uncertainty on the extrapolation factor itself,
an uncertainty related to the subtraction of electroweak processes from the Z-+jets sample
used to derive the fake factor, and an uncertainty in the correction factor for the sample
composition.

As for the signal and other background processes, the renormalization and factorization
scale uncertainty, the PDF uncertainty and the o uncertainty are evaluated for each process.
By comparing alternative samples which used different parton shower simulators or different
matching schemes, we acquire the uncertainties related to different simulation algorithms
(referred as a two-point comparison). Signal theory uncertainties also impact the unfolding
matrices which are constructed by the particle-level and reconstruction-level MC samples.

Finally, the statistical uncertainties from the MC simulation for each bin of the MC

templates are also included as nuisance parameters.

9.2 Unfolding

The unfolding process corrects for detector effects such as inefficiencies and limited resolution

on the kinematic observables to be measured. In this thesis, we adopt the matriz-based
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unfolding technique, taking into account the bin-to-bin migrations. The migration matrices,
also referred as the response matrices, are constructed using the truth and reconstruction
records of the nominal signal sample. Although the signal region and fiducial region are
defined as kinematically close as possible, there are events which fall into one region but
not the other. Those events that pass the truth-level selections but fail at reconstruction-
level are called misses, and those that pass at reconstruction-level but fail at truth-level are
called fiducial fakes. The migration matrix (M, ) is constructed such that the number of

reconstructed events in the n'® bin (1°°™) can be parametrized as a function of the number

n

of events in the truth bins (denoted as v/ for the m'" truth bin):

Nobs.

N A (35)

Each migration matrix element M, ., includes a correction factor to “remove” the misses,

and the fiducial fakes are corrected by the last term f,v%%. By substituting 39 with the

product of the integrated luminosity Ly, and the cross section per truth bin ¢fid) we obtain
Nobs.
VRN =Y My Lin s + fLin ™. (36)
m

The theoretical uncertainties on the migration matrix elements and on the fiducial fakes are
included.

The efficiency (e,) and purity (P,) are defined to quantify the bin migrations:

yﬁd., recon.
_ _n .
€n = T Ad (37)
n
Vﬁd" recon.
p=-"—, (38)
yﬁecon.

where /fid- recon- is the number of MC events matched to the same n'® bin at truth-level and

reconstruction-level, and /" and vfi9 are the total number of events in the respective

5



reconstructed and truth bin. The binning scheme for each observable is chosen to maintain
a purity and efficiency higher than 60%. Meanwhile, the bin edges are optimized to balance
sufficient number of bins to retain the features of the observable shape and sufficient num-
ber of signal events per observable bin. Finally, the chosen binning is studied to provide
the sensitivity for the Effective Field Theory interpretation. The final binning scheme is

summarized in Table 13.

Observable [unit] Bin Edges

my, [GeV] 10,30,40 55,Inclusive

m;; [GeV] 450,950,1200,1500,2200,6000
cos(6%) 0,0.0625,0.125,0.1875,0.3125,1.0
Ayy 0,0.4,0.6,0.8,1.0,Inclusive
Ay;; 2.1,4.0,5,5.5,6.25,9.0

A¢y [rad] 0,0.2,0.4,0.6,0.8,1.4

A¢j; [rad] —m,—5,0,5, T

Higgs pr [GeV] 0,80,120,260,850

P [GeV] 0,60,100,140,1000

Leading Lepton pr [GeV] 22.,40,50,70,100,500
Subleading Lepton pr [GeV] | 15,30,40,50,200

Leading Jet pr [GeV] 30,120,160,220,700
Subleading Jet pr [GeV] 30,60,90,120,350

Table 13: Binning optimized for each distribution. Inclusive bins have no upper bound.

The migration matrices and fiducial fakes for a few observables are shown in Fig. 37
where the matrices for jet and MET-related observables such as Higgs pr and m;; have
larger migrations because they are more susceptible to detector effect, whereas the angular

and lepton observables such as my; and A¢;; have nearly diagonal migration matrices.

9.3 Statistical analysis for the cross-section measurements

In general, to describe the probability of observing N events with the average expectation

of v events, one uses the Poisson distribution:

I/N

P(N|v) = me‘”. (39)
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Figure 37: Migration matrices for Higgs pr, m;;, my and A¢;;. The bin values correspond
to the number of MC events in the truth and reconstruction bins and the fiducial-fakes
category.

We will consistently use N for the observed number of events and v for the expectation. For
each discriminant bin (subscripted with ¢) in each region (subscripted with “reg”), we denote
the probability as P(N;®|v;®®). For the two control regions in this analysis, the expectation
value is parametrized as a function of the background normalization factors (py,) in the

corresponding region:

CR, CRq CRq
vy = E ::“bkngkg,i T Vise,is (40)
bkg
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where VS{IZ”’Z. is the number of simulated events in this bin for the background processes

normalized to data, whereas vCie

misc.,i

represents the number of events from miscellaneous
processes fixed to their nominal MC predictions. The signal events are accounted for in
the miscellaneous events in the control regions.

For the signal region, which we denote as SR,, for the n'® bin of an observable (there is
only one bin for the fiducial cross section measurement), the total number of expected events

in the i*" bin of the 2-dimensional Dygp — Diopt+vy discriminant can be written as

SR, __ , SR E : SR SR
v "= Vsig,? + lubkgybkgyji + Vmis%.,ﬂ (41>
bkg

where oRn

i 1s the number of events from the signal process. In the fiducial cross-section

measurement, yoRn

s ab reconstruction-level can be parametrized by the fiducial cross section

O’ﬁd'

VSR = Ay (L - C - 0. (42)

Sig,i —

The C-factor is the correction factor for detector effects, and its nominal value is 0.45; the
total number of expected signal events in the signal region is the product in the parenthesis;
A; is the the acceptance factor for each discriminant bin. The C-factor and acceptance
factors are both obtained from the MC simulations, and their systematic uncertainties are
incorporated as nuisance parameters.

In the differential measurements, as the fiducial cross section is measured per observable

fi fid.

bin, o4 in Eq. 42 becomes a vector (614 or ¢id) and the correction factor evolves into the
corresponding response matrix (M, ,) and fiducial fakes (f,o%d) as discussed in Sec. 9.2.
The modified Eq. 36 with the acceptance factor A, ; for the nt" observable bin and the "

discriminant bin yields

Nobs.

Vssllg:{; = An,i ' Lint : (Z Mn,mafnd. + fno-ﬁd.)- (43)
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While the background normalization strategies for ggF and the Drell-Yan are the same in
the fiducial and the differential measurements which simultaneously normalize the simulation
to data in the respective control region and the inclusive signal region (detailed in Sec. 7),
the top and diboson normalization has a finer granularity in the differential measurements.
For the fiducial measurement, the top and diboson are estimated in the inclusive signal
region with one single normalization factor. On the other hand, the top and diboson are
estimated in every observable bin or every few observable bins. The normalization scheme
for each observable is summarized in Table 14. The bin numbers in the bracket share the

same independent top and diboson normalization factor.

Observable bin numbers
mjj, Ay 1], [2, 3], [4,5]
mll’A¢JJ7 Ayll? p]Tv pT: pT [17 2]7 [3’ 4]
Aoy, Ayy [1,2,3],[4,5]
Higgs pr [1]7 [Qa 3]7 [ ]
cos(6*) [1,2], (3], [4], [5]
Pt [1,2],[3], [4,5]

Table 14: Groups of observable bins which share the same independent top and diboson
normalization factor.

Finally, the systematic uncertainties are included in the likelihood function as nuisance
parameters (NPs), denoted as 6;, and each NP is constrained by a Gaussian function N (6;).
Now that we have parametrized the number of expected events as a function of the
parameters we would like to extract from the fit, the final likelihood function is constructed
as the product of the Poisson probability functions in all the signal and control regions and

the constraint Gaussian functions for all the NPs:

SRL CR
Nobs. dlsc7 CRx dlscm Nnp
L(F H H P(N e (55 1)) x H H P(NR|ufB= (1)) x HN

(44)
The cross sections and background normalization factors are extracted at the maximum

value of the likelihood function (or the minimum at the negative-log-likelihood —In £). To
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separately estimate the uncertainty from data statistics and the systematics, the statistical
uncertainties are obtained by minimizing the negative-log-likelihood without the Gaussian
functions for the nuisance parameters and the systematics uncertainties are calculated by

quadratically subtracting the statistical uncertainties from the total uncertainties.
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10 Cross-section measurement results

In this section, we report the observed cross sections using the ATLAS Run-2 dataset,

corresponding to 139 fb~! of integrated luminosity at a center-of-mass energy /s = 13 TeV.

10.1 Fiducial cross section

Before using the ATLAS Run-2 dataset, the fitting strategy is tested by a pseudo-dataset
(Asimov data) matched to the nominal predictions. By minimizing the negative-log-likelihood
as discussed in Sec. 9, we obtain the expected cross section in the fiducial phase space:

old = 207041 b = 2.077338 (stat) 025 (sys) fb. (45)

exp

The results verify closure with the nominal signal prediction provided by POWHEG+PYTHIA 8.
Furthermore, the uncertainty given by the Asimov fit illustrates the expected sensitivity of
the measurement. The statistical (stat) uncertainty and systematic (sys) uncertainty on the
cross-section measurement are propagated from the data statistical uncertainties and mod-
eling systematic uncertainties, respectively. The expected precision given by the statistical
fluctuation in data is about 17%, whereas the systematic uncertainty is 12%.

The observed fiducial cross section using the ATLAS Run-2 dataset,

ohn, = 1.687050fb = 1.6870:35 (stat) 037 (sys) b, (46)

is approximately 1o deviation below the expected cross section. The negative-log-likelihood
profiles of observed and the expected cross sections are compared in Fig. 38.

The overall relative precision of the cross-section measurement is about 23%, dominated
by the statistical uncertainty in the data sample. Table 15 summarizes the breakdown of the

relative uncertainties in the measured fiducial cross section. The sum in quadrature of the

individual sources differs from the total uncertainty due to correlations among the different
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Figure 38: Profiled negative-log-likelihood of ofid using the ATLAS Run-2 dataset (black)

and the Asimov dataset (blue). Dashed curve shows the likelihood profile with only statistical
uncertainty, whereas solid curve shows that including all nuisance parameters.

systematic uncertainties. The systematic uncertainty is dominated by the theory uncer-

Source Ao/l [%)]
Data statistical uncertainties 19.6
Total systematics uncertainties 12.9
MC statistical uncertainties 5.1
Luminosity 1.5
Mis-Id lepton <0.1
Flavor tagging <0.1
Jet and MET 4.9
Leptons 1.5
Drell-Yan modeling 3.4
Diboson modeling 3.4
Top modeling 6.2
ggF modeling 5.4
Signal modeling 4.9

Table 15: Breakdown of the relative uncertainties Ac"d/of in the inclusive fiducial cross-
section measurement. The middle block shows the experimental systematic uncertainty
breakdown and the bottom block shows those of the theory systematic uncertainties from

different processes.

82



tainties, especially the ones from two-point comparisons of two MC samples using different
generators. They tend to have large shape differences in the discriminants which cannot be
absorbed by the background normalization uncertainties. Moreover, the jet experimental
systematic uncertainties have large impact due to the jet kinematic selections. The MET
uncertainties are propagated to the calculation of several observables, including my which is
one of the most important input variables for the BDTs and is the discriminating variable
in CRZjets.

Moreover, the comparison between the measured cross section and the theoretical predic-
tions is shown in Fig. 39. The predictions and theoretical uncertainties are obtained from the
POwWHEG+PYTHIA 8, POWHEG+HERWIG 7, MG5+HERWIG 7, and VBFNLO+PYTHIA 8
at particle-level, as well as from VBFNLO at parton-level in LO and NLO. Except for the
predictions given by MG5+HERWIG 7 and VBFNLO-LO, other predictions agree with the
observed cross section within the measured uncertainty and the theoretical uncertainty of
each prediction. The disagreement with the MG5+HERWIG 7 prediction is small and can
be potentially covered by the theoretical uncertainty if calculated. On the other hand, the
fixed order calculation by VBEFNLO at LO in QCD and EW is higher than the observed
cross section by approximately twice the measured uncertainty. Since the LO simulation
does not contain a third jet, consequently the central jet veto does not act on events from
the VBFNLO-LO sample. Hence, the large difference suggests that the measurement is
sensitive to the higher order perturbative QCD effect.

Furthermore, we report the p-value which represents the probability of observing the
deviation between the SM hypothesis and the measurement given the statistical and system-
atic uncertainties. The p-value is assessed using a x? test where the x? can be calculated
from the likelihood-ratio between the observed value (ofid: = 1.68 fb) and the expected value

obs

(ofid: = 2.07 fb) according to Wilks’ theorem [97]

L O'ﬁd'
X* = —2ln ( Jﬁ?;) : (47)
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Figure 39: The measured fiducial cross section at /s = 13 TeV in comparison with the
theoretical predictions in the fiducial phase space obtained from the parton shower generators
PowHEG+PyYTHIA 8, POWHEG+HERWIG 7, MG54+HERWIG 7 and VBFNLO+PyTHIA 8
at particle-level and from the parton-level generator VBFNLO at LO and NLO. The vertical
bands around the measurement indicate the statistical uncertainty (yellow) and the sum in
quadrature of statistical and systematic uncertainties (green).

The p-value for the POWHEG+PYTHIA 8 prediction yields 0.33 and above 0.20 for the other
four predictions.

The results of the background normalization factors and correlations among the fiducial
cross section and the normalization factors are reported in Fig. 40. The two normalization
factors for Drell-Yan in different regions are compatible within their uncertainties. Similar
observation is made for the top and diboson normalization as well. Next, there is no ex-
treme correlation among the parameters comparing to the expectation. The high positive
correlation between the two normalization factors in the SR and in ggF CR for the top plus

diboson background is resulted from the top and diboson theory systematic uncertainties.
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Figure 40: The measured background normalization factors (u) and the correlations among
the measured fiducial cross section (o) and the normalization factors (NP2 /NMC)  The
Drell-Yan normalization factors are labeled as “Z+jets” for the parameter used for simulta-
neous estimation in SR and CRZjets, and “Z+jets CRGGF” or “Z+jets ggF” for the one
used in ggF' CR. The only ggF normalization factor is labeled “ggF”. Finally, the top plus
diboson background is denoted by “VV+Top” for the parameter from SR and “VV+Top

ggF” for the one from ggF CR.
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10.2 Differential cross sections

The Asimov data is used to check for closure with the SM prediction and for evaluating the
expected precision for the differential measurements. The Asimov results are presented in
Appendix A. Closure is obtained for all differential distributions. The expected precision
ranges from 40-80%, with a few exceptions of bins in low-statistics region with > 100%
uncertainty. We plan to set an upper bound in the cross sections measured in these regions.

The measured differential fiducial cross sections as a function of the transverse momentum
of the Higgs boson is shown in Fig. 41, compared with four theoretical predictions. The
measured p¥, Ay, Ay;; and cos 0, distributions are shown in Fig. 42, and several differential
cross sections with respect to variables that probe the lepton and jet activities follow in
Fig. 43 and Fig. 44, respectively. Generally, the compatibilities across observables with all
the theoretical predictions are high. For the nominal POWHEG+PYTHIAS prediction, the
p-values are in the range 0.22-0.98. The p-values from the compatibility tests between the

measured cross sections and the five theoretical predictions are summarized in Table 16.

observable | POWHEG | POWHEG | MADGRAPHS | VBFNLO at LO | VBFNLO
PyTHIAS | HERWIGTY | HERWIGT PYTHIAS at NLO
my 0.46 0.36 0.55 0.95 0.55
Aoy 0.97 0.86 1.00 0.56 1.00
mj; 0.48 0.37 0.57 1.00 0.47
Ay;j 0.82 0.70 0.92 0.77 0.91
Agj; 0.63 0.47 0.74 0.65 0.76
Ayy 0.33 0.26 0.39 0.92 0.40
cosO* 0.93 0.81 0.98 0.59 0.99
H'iggs pr 0.65 0.53 0.76 0.69 0.74
ph 0.26 0.19 0.32 0.95 0.32
pjf 0.98 0.90 1.00 0.59 1.00
P 0.22 0.17 0.26 0.74 0.27
pfﬁ 0.65 0.70 0.93 0.56 0.93
Pl 0.86 0.70 0.95 0.72 0.95

Table 16: P-values for the compatibilities between the measured cross sections and
the signal predictions given by POWHEG+PYTHIAS, POWHEG+HERWIGT7, MAD-
GRAPHS_AMCQNLO+ Herwic7, VBFNLO-+PYTHIAS, and fixed order calcuation of
VBFNLO at NLO.
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Figure 41: The measured differential fiducial cross sections at /s = 13 TeV for p¥ in com-
parison with the theoretical predictions from POWHEG+PYTHIA 8, POWHEG+HERWIG 7,
MG5+HERWIG 7 and VBFNLO-+PyTHIA 8 at particle-level and from VBFNLO-NLO
at parton-level. The error bars on the data points show the statistical uncertainties, while
the total uncertainties are indicated by the gray boxes. The error bars on the expected cross
sections indicate the total theory uncertainty. The bottom panel shows the ratio of different
predictions to the measured distribution, and the gray area represents the total uncertainty
of the measurement.

The relative precision of the differential measurements ranges from 40% to above 100%.
The data statistical uncertainty dominates the systematics uncertainties for all the measured
observable bins. The impact of each systematic source depends on the kinematic region
relevant to the measurement. For example, in the measurement of m;;, the jet energy
resolution affects the precision at the 9 — 29% level for the second to last bins (the impact
on the first bin is greater than 100% due to the significant deficiency of signal), whereas this
source of uncertainty only impacts Ay, at the 3—12% level since the measurement of a lepton
distribution is less dependent on jet kinematics. The background modeling uncertainties

are largest in regions where the backgrounds are most significant. The signal modeling

87



uncertainties become dominant in regions where the signal fraction is higher. These regions
are usually at the extremity of the fiducial phase space, for example, high m;; and high
Higgs pr. Hence, the modeling from different generators tend to differ and the systematic
uncertainties originate from two-point comparisons dominant in these regions. In summary,
the impacts from the systematic uncertainties are compatible with the expectations.

The observed differential distributions help us to investigate the origin of the signal deficit
with respect to the SM predictions. Several energy spectra, such as the m;;, my, and p]f,
have deficiencies at low energies which are significant compared to the uncertainties of the
measurement. A large deficit in low m;; region is also observed in the H— W W™ cross-section
measurement by ATLAS [78] using the Simplified Template Cross Section method [98,99].

The measured background normalization parameters for all observables and the correla-
tion matrices among the measured cross-section values in each bin of the distributions and
the background normalization factors are shown in Appendix B. The robust estimation of
background is crucial for measuring the signal yields. To verify consistency, we compare
the background normalization factors across observables and find compatibility. The top
plus diboson parameters in the SRs fluctuate most significantly (0.70 — 0.95) since they are
estimated in different kinematic regions, some of which are more susceptible to higher order
effects. The correlations among parameters are generally less than 20%, with a few exceptions
up to 35% correlation. However, the reason of these high correlations are well-understood

and discussed in Appendix B.
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Figure 42: The measured differential fiducial cross sections at /s = 13 TeV for p¥, Ayq,
Ay;; and cos 6, in comparison with the theoretical predictions from POWHEG+PYTHIA 8,
PowHEG+HERWIG 7, MG5+HERWIG 7 and VBFNLO+ PyTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel shows
the ratio of different predictions to the measured distribution, and the gray area represents
the total uncertainty of the measurement.
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Figure 43: The measured differential fiducial cross sections at /s = 13 TeV for péTl, péTQ,
my and Agy, in comparison with the theoretical predictions from POWHEG+ PYTHIA 8§,
PowHEGH+HERWIG 7, MG54+HERWIG 7 and VBFNLO+PyYTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel shows
the ratio of different predictions to the measured distribution, and the gray area represents
the total uncertainty of the measurement.
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Figure 44: The measured differential fiducial cross sections at /s = 13 TeV for pi, p’2,
mj;, and A¢;; in comparison with the theoretical predictions from POWHEG+ PYTHIA §,
POWHEGH+HERWIG 7, MG54+HERWIG 7 and VBFNLO+PYTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel shows
the ratio of different predictions to the measured distribution, and the gray area represents

the total uncertainty of the measurement.
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11 Effective Field Theory interpreation

In this section, we re-interpret the data with the Standard Model Effective Field Theory
(SMEFT) formalism in the Warsaw basis to probe physics beyond the Standard Model
(BSM). We consider only dimension-6 operators (O;) that affect our signal process. The
results of the reinterpretation are the limits we set on each operator’s corresponding Wilson
coefficient (¢;), where smaller limits suggest narrower windows for new physics.

This analysis is sensitive to seven charge-parity (CP) even operators and three CP odd
operators. The operators and their composition of SM fields are given in Table 17. The six
operators on the top, denoted as the cgyy, group in the following sections, describe anomalous
couplings between the gauge bosons and the Higgs boson, whereas the other four operators
making up the cp,3 group depict new physics at the coupling vertices of quarks and the

Higgs boson.

Wilson coefficient ~ Operator definition

CHW H'H Wi W
CHW H'H W” Wnev
CHB HTH BHZ,B“V
¢ H'H B,,B"
CHWB I{Jr "H Wn B
G Hir" W B
CHql (HT<1_1>) H)(qpv qr)
CHg3 (H' D"H)(g,m™"q,)
CHu (HYi D ,H)(uyy"u,)
na (14D, H) (1% d)

Table 17: Summary of EFT operators in the SMEFT formalism that are probed in the VBF
H— WW*— (vlv channel [1]. The corresponding structure in terms of the SM fields in
the Warsaw basis (second column) is shown together with the associated Wilson coefficient
(first column). The Higgs doublet field and its complex conjugate are denoted as H and
HT, respectively. The left-handed quark doublets of flavor p (the right-handed up-type or
down-type quarks of flavour r) are denoted as ¢, (u, or d,), while V,,, and VW (with V = B,
W™ where n = {1,2,3}) represent a given gauge field of the electroweak interactions, and 7"

are the Pauli matrices. The bosonic operators with (without) a dual field ‘7#,, are CP-odd
(CP-even).
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The Lagrangian of the SMEFT framework takes the form Lsygrr = Lsv + Z %O
where A is the cut-off energy scale. The linear dependency of the SMEFT Lagraﬁgian on
the Wilson coefficients is carried to the matrix element calculation. The SMEFT matrix

element Mgygrr can be written as

Msyprr = Msy + Y %Mm (48)

where Mgy is the SM matrix element and M, is the matrix element of the EFT operator

O;. As a result, the square of the matrix element becomes

CiCj

| Msnmerr|? = [Msm|? + 2 Z — Re(MGM;) + Z

7.7

Re(MIM,). (49)

Since our EFT interpretation will not consider the interference between two different EFT

operators, Eq. 49 can be simplified to
2
Msnrr|® = [Msm|* + 2 2 :FRe(MSMMi) + 2 v M. (50)

We refer to the second term in Eq. 50 as the interference term or the linear term, because it
is the interference of EFT matrix element with that of the SM and it is linearly dependent
on the Wilson coefficients. The third term is called the BSM term or the quadratic term
as it depends on the Wilson coefficients quadratically. A physical observable X which is
proportional to the square of the matrix element such as scattering cross section or decay

width, can be parameterized as a quadratic function of ¢; [100]
X (i) = Xom + Xine. + Xpsn = Xon - [1+ ) _(A¥ei + BY ). (51)

This dependency on the Wilson coefficients is verified in the EFT simulation which we discuss

in the next section.
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11.1 EFT simulation and parametrization strategy

The fiducial cross section for the n'" observable bin can be written as the product of the

VBF)

VBF production cross section (o , the H — [vlv branching ratio, which is the partial

width (IH=") divided by the total width ('), and the acceptance factor P,

FH—>lz/l1/
fid.,I" — O_VBF .

fi - P (52)

g

While the production cross section and Higgs decay widths are linearly and quadratically
dependent on the Wilson coefficients by definition (Eq. 51), there is no theoretical reason
to expect the acceptance factors to be related to the Wilson coefficients in the same way.
For example, some nontrivial relations between acceptance and the Wilson coefficients were
observed in the EFT interpretation of the H — ZZ* — 4l channel [101]. Therefore, the
EFT strategy of this analysis is developed to parametrize the cross sections as a function of
the Wilson coefficient ofid(c;) while incorporating the acceptance effect and omitting terms

of order higher than ¢?/A*. The strategy consists of two components:

e combined parametrization for the production cross section oVBY, the partial width
=Wl “and the acceptance P, by generating fiducial EFT samples and performing a

parametrization fit for each Wilson coefficient;

e parametrization of the total width of the Higgs boson I'? incorporated after the small

value expansion around ¢;/A?.

The former strategy is detailed in Sec. 11.1.1, and the latter and the combination of the two
parametrizations are discussed in Sec. 11.1.2. Later in this section, we elaborate the EFT
fit strategy to constrain each Wilson coefficient. We report the limits using the linear-only
parametrization, where all ¢Z/A? terms are dropped from the parametrization functions, and
also the limits using the complete linear plus quadratic parametrizations. By comparing the

two sets of results, we can probe the higher order effects from EFT.
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11.1.1 EFT fiducial parametrization

In this section, we discuss the strategy to derive the fiducial parametrization functions which
describe the EFT impact on the VBF production cross section, the H — [vlv partial width,
and the acceptance factors. These functions are denoted as ofi(¢;) for the n'® observable
bin. Since the relation between acceptance factors and the Wilson coefficients is unknown,
multiple EFT fiducial samples are generated at different values of each Wilson coefficient.
By fitting the cross sections as a function of each Wilson coefficient, we obtain the fiducial
parametrization functions.

The EFT effect on the full VBF H— WW*— (vlv process, excluding the effect on the
total width of the Higgs boson, is simulated by MADGRAPH5 with the SMEFTsim package
[102] at leading order in QCD and interfaced with PyTHIA 8. According to Eq. 51, the total
SMEFT cross section is the sum of the SM cross section ogy and a EFT corrective cross

section AogpT

OSMEFT = OsM + ACEFT. (53)

The SM and EFT cross sections are obtained from the SM and EFT samples produced
by MADGRAPH5+PYTHIA 8. The relative EFT correction Aogpr/osy is assumed to be
independent of QCD or EW order and hence can be applied to higher order signal simulations.
Next, the NLO parton distribution function (PDF), NNPDF30 nlo_as 0118, and the Gp EW
scheme are used to be consistent with other higher order SM simulations. The EFT samples
are generated in the inclusive phase space of VBF H— WW*— (vly and intermediate tau
leptons decays are simulated by PYTHIA 8. The cut-off energy scale A is fixed at 1 TeV
for all the EFT simulations. Each EFT sample is generated with one and only one Wilson
coefficient set to be nonzero. Moreover, the total width of the Higgs boson in the simulations
is fixed to the SM value since the total width calculated at LO deviates significantly from the
observed value. The SM sample generated by MADGRAPHS5+PYTHIA 8 after the fiducial

selections is validated by the VBFNLO+PYTHIA 8 sample introduced in Sec. 8.2. The
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validation of two EFT-sensitive observables, A¢g;; and p?f, are shown in Fig. 45. The two

LO samples agree within their MC statistical uncertainties.
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Figure 45: Validation of the SM prediction simulated by MADGRAPHS with the SMEF Tsim
package at QCD LO. The sample (blue) is showered with VBFNLO+PYTHIA 8 and is
validated against VBFNLO+PvyTHIA 8 (gray). The bottom panel shows the ratio with
respect to the VBFNLO+ PyTHIA 8 prediction. The gray (blue) error band represents the
MC statistical uncertainties of the VBFNLO(MADGRAPHS) sample.

The EFT simulations generate separately the interference samples and the BSM samples,

where the former samples are required to have cross sections linearly dependent on the Wilson
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coefficients and the latter proportional to the square of each Wilson coefficient. In total,
seven interference and seven BSM samples per Wilson coefficient are produced at values:
Cgen. = —0.8,—0.5,-0.2,0.1,0.4,0.6,1.0. The SM sample is generated with all the Wilson
coefficients fixed to zero. Finally, only EFT events in the fiducial phase space are selected
and projected into the binning given in Table 13 via a Rivet routine [103].

As aresult of the parametrization fit using the SM and EFT fiducial samples, a linear plus

quadratic function turns out to be an appropriate description for the fiducial cross sections:

FH*)II/ZV :
ord(c;) =" (¢;) - TH @) Po(c:)
= o, (L+ Afe, + Bidc?) + O(1/A9).

While we cannot separate the three sources of EFT impact, the combined parametrization
serves the purpose for this analysis.

The two groups of Wilson coefficients, the cgy group and the cgys group, affect different
kinematic observables. The observables that are most sensitive to the cyw and cpg3 groups
are Ag;; and the leading jet pr, respectively. We perform the parametrization fits for each
observable bin as illustrated in Fig. 46 for cgw. The seven data points are the ratios of
the EFT and SM cross sections per bin (i.e. the relative EFT corrections) obtained from
the EFT fiducial samples generated at the seven cgen. values. The error bars originate from
the statistical uncertainties from the SM and EFT samples. The curves are the minimum-
x? fit to the parametrization functions Af%c; + Bfit:c?. The fitted values for the fiducial
parametrization coefficients (A% and Bf¢) and x* divided by the numbers of degrees of
freedom (x2/DoF) for each bin of the respective sensitive observables are summarized in
Table 18 for the cyw group and Table 19 for the cpy3 group.

Except for ¢, and ¢gw g, all the parametrization fits converge at approximately x?/DoF=
1.0, proving the linear and quadratic fiducial parametrization is successful in describing the

EFT correction on SM distributions. The large x?/DoF values of cg, and ¢pwp suggest

there are functions more suitable to describe their impact in our fiducial region. It is not
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Figure 46: EFT parametrization fit (curve) of ¢y in the four A¢;; bins in comparison with
the relative EFT corrections obtained from the EFT fiducial samples (data points). The
relative EFT corrections are the ratio of the EFT and SM cross sections simulated at cyy
= —0.8,-0.5,—-0.2,0.1,0.4,0.6,1.0. The error bars represent the MC statistical uncertainty
and are used to perform the parametrization fit.

unexpected that the EFT affects acceptance in a nontrivial way, since the fiducial selections
are not independent of each other. For instance, the requirements on the lepton py and on
the invariant mass of the di-lepton system (my) are correlated, i.e. rejecting events with
my < 10 GeV is implicitly scraping away part of the phase space on the lepton pr scale.
Thus, the acceptance of the EFT events reflects such nonlinearity from the fiducial selections.
However, we decide to keep the linear plus quadratic form, but propagate the uncertainties
arising from choosing a suboptimal parametrization function to the final limits. We inflate
the MC statistical uncertainties given by the cg, and ¢xyp samples until 2 /DoF reaches

unity. This strategy does not change the values of the parametrization coefficients Aﬁ%‘ and
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Wilson | bin fiducial x2/DoF
Coefficient parametrization
1 | —0.0101c + 0.003¢*  1.141
2 0.049¢ + 0.005¢? 0.316
CHWB 3 0.048¢ + 0.004¢? 0.674
4 | —0.010c + 0.003¢? 0.417
1 —0.018¢ + 0.001¢? 0.356
2 0.014¢ + 0.001¢? 0.822
CHB 3 0.014c¢ + 0.00¢? 0.641
4 | —0.017¢ + 0.001c? 0.582
1 | —0.389¢+0.079¢*  0.123
2 0.136¢ + 0.037¢? 0.829
CHW 3 0.133c + 0.035¢? 0.662
4 | —0.377c + 0.083c? 0.336
1 —0.286¢ + 0.059¢2 0.642
2 | —0.265¢ + 0.058¢2 1.781
CHW 3 0.264c + 0.047¢? 0.750
4 0.278¢ + 0.052¢2 1.184
1 —0.032c + 0.001¢? 7.491
2 | —0.029¢ + 0.001c? 8.144
CHWB 3 0.029¢ + 0.003¢? 8.030
4 0.031c + 0.004¢? 9.900
1 —0.017¢ + 0.001¢? 0.641
2 | —0.016¢ + 0.001c? 1.082
CHB 3 0.015¢ + 0.000¢? 0.559
4 0.016¢ + 0.000c? 0.137

Table 18: Fiducial EFT parametrization of cgw, cgwp, cgp and their CP odd counterparts
for the differential bins of A¢;;.

Bgfl', but it changes their uncertainties. Later, we find this error inflation has negligible
effect on the limits we set on these two Wilson coefficients.

To make the parametrization fit strategy more robust, the uncertainties on AE% and
ng' are incorporated as nuisance parameters in the final EFT fit and are constrained by
Gaussian functions. In addition, correlations of A% and Bfi¢- are taken into account. These
EFT-related nuisance parameters have small impact on the limits we set on the Wilson
coefficients.

The relative EFT corrections given by the parametrization functions are shown in Fig. 47

and Fig. 48 for the CP even and odd Wilson coefficients in the cyy, group, respectively. The
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Wilson | bin fiducial x?/DoF
Coefficient parametrization
1 | —0.278¢ +0.023¢*  0.429
2 | —0.643c+ 0.128¢*  0.306
CHg3 3 | —1.010c+ 0.317¢*  1.661
4 | —2.511c +2.232¢>  0.152
1 0.005¢ + 0.004¢? 2.852
2 0.016¢ + 0.021¢? 1.460
CHql 3 0.023c + 0.058¢? 0.943
4 0.109¢ + 0.596¢2 0.811
1 0.006¢ + 0.002¢? 1.130
2 0.014¢ + 0.009¢? 0.673
CHA 3 0.023¢ + 0.026¢* 0.225
4 0.057¢ + 0.218¢? 0.103
1 | —0.015¢+ 0.003¢*  49.812
2 | —0.039¢ +0.013¢*  24.625
CHu 3 | —0.064c + 0.038¢>  21.809
4 | —0.165c + 0.344¢*>  19.197

Table 19: EFT parametrization of cgys3, g1, cru and cpq for the differential bins of p]T1

impact from CP even operators are symmetric around A¢;; = 0, whereas CP odd operators
modify the SM prediction asymmetrically. The Wilson coefficients are fixed at values close
to their expected +10 limits. The solid blue lines show the EFT impact at order of ¢; /A%
Since the interference between the SM and EFT matrix elements can be destructive, the EFT
impact can be negative in part of the phase space. On the other hand, the blue dashed lines
illustrate the quadratic impact which is always positive as it originates from the absolute
square of the EFT matrix elements. The red dashed lines are the sum of linear and quadratic
corrections. While the effects at the first order of ¢;/A? are expected to be more dominant,
the second order effect is significant for several Wilson coefficients despite being suppressed
by 1/A*. Fig. 49 shows the EFT impact by cuys, Caru, crgr and cpg. Their impacts are more

significant in the high pjT1 and high pfrl regime.
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Figure 47: The relative EFT correction on A¢;; by the CP even cyw, cywp, and cyp at
fixed values close to the expected +10 limits. The solid blue lines show the EFT corrections
at order of ¢;/A? (linear); the blue dashed lines show the corrections at order of ¢Z/A*
(quadratic); finally the red dashed lines show the full linear plus quadratic corrections.
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11.1.2 Higgs boson width parametrization

The fiducial parametrizations obtained through the above procedures do not include the
EFT impact on the total width of the Higgs boson. We use the Higgs-width parametrization
reported in the EFT interpretation of the H — ZZ channel [101]. Only cyw, cywp and

cyp have significant impact on the total width of the Higgs boson I'’:
TH(er) = Ty fra(ei); (55)

fr(ci) =1 —=0.05cyw + 0.16¢3y, — 0.08cyp + 1.21ck 5 + 0.06cywp + 0.36¢C3 5, (56)

where T'(¢;) is calculated by summing the parametrizations of all dominant Higgs decay
channels simulated by MADGRAPH5. Since the Higgs width is a CP even observable, the CP
odd operators only have impact at the order of 1/A* [104]. The quadratic parametrization
coefficients are taken to be the same as the CP even parametrization and included in the
final EFT fit. Comparing the Higgs-width parametrization given in Eq. 56 and the fiducial
parametrization functions in Table 18, we can see the quadratic EFT effect by cypg and cgwp
as well as their CP odd partners are many orders greater on the total width. The primary
decay mode affected by these EFT operators is the H — 7 process [105].

Incorporating the EFT impact on I'*?, the parametrization takes the explicit form:

fid. fid. .. fid. .2

fid.,I" n (Cl s in i
T(e,) = i ) o7
Tn (C ) fFH (Cz) Tn 1 + A{Cl + BZFC? ( )

The final parametrization used in the EFT fit is the Taylor expansion of Eq. 57, assuming
c;/A? << 1, to the first order for the linear parametrization and to the second order for the

linear plus quadratic parametrization:

AT (0) = offi[1 + (A5 — ADe); (58)
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oL () = ol 14 (A — AD)e, + (BE — B 4 AT — Afd . AD)e2), (59)

In the limits we set for cygw, cgwr and cyp, while the effect is small on the limits of cgyy,
the limits we set on cywp and cyp significantly improved by incorporating EFT corrections

on the total width of the Higgs boson.

11.2 EFT sensitivity tests

The EFT limits are obtained by minimizing the negative-log-likelihood where the likelihood
function is taken from the differential measurement in Eq. 44, with the differential cross

fi

sections &9 replaced by the parametrization functions 714! (c;) and with the addition of

Gaussian-constraint functions for the EFT nuisance parameters. The SM cross sections o,
are taken from the particle-level POWHEG+PYTHIA 8 sample simulated at NLO in QCD and
EW.

The EFT sensitivity is tested by fitting to the SM Asimov dataset. Considering both
the linearized expanded parametrization (hereafter referred to as linear) and the linear plus
quadratic parameterization of each Wilson coefficient, Table 20 reports the expected 2o
limits for each Wilson coefficient using its optimal observable. The Asimov data statistical
uncertainties and all the systematic uncertainties are included in the fit. Since the SM cross
sections in the parametrization functions are fixed to the nominal prediction, the best-fit
values for all Wilson coefficients are zero.

For the cpqs group, we also tested the sensitivity using pffl but found less stringent
constraints compared to the limits set by pjTl. The expected limits for the cgy3 group using
ple is reported in Appendix. C.

A few observations can be made from the EFT sensitivity test:

e the analysis has good sensitivity (limits between [-1,1]) to cgys to the first order using

the linearized parametrization;

e the analysis has good sensitivity to cpg3, cap and ¢yp to the second order using the
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Parameter | Optimal Best-fit Linear Linear + Quadratic
observable | value [TeV~?] | 20 limits [TeV %] | 20 limits [TeV 2]

Crw [ A\2 N 0.00 [—1.65, 1.66] [—1.40,1.37]

caws/N2 | Agy; 0.00 [—10.46,9.13] [—1.21,1.10]

Cawp/N | Ay 0.00 [—14.94,14.99] [—1.15,1.14]
cap/\? Agj; 0.00 [—5.85,6.40] [—0.59, 0.66]
Crp /N Adj; 0.00 [—28.17, 28.23] [—0.62, 0.62]
Crgs/\? P 0.00 [—0.56,0.47] [—0.43,1.20]
Crrq/ \? P 0.00 [—11.92,14.78] [—1.85,1.65]
Cru/N? P 0.00 [—8.31,6.94] [—2.03,2.57]
cra/N? s 0.00 [—20.90, 24.82] [—3.03,2.73]

Table 20: Best-fit values to the SM Asimov dataset, and the 2¢ intervals obtained from
profile likelihood scans of the Wilson coefficients under linear-only and linear plus quadratic
parametrization.

linear plus quadratic parametrization;

o the effects from the quadratic terms are significant for cgws, ¢awn, cuB, CuB, CHq1,

Chu, and cpq, as the changes in the limits are greater than 50%.

The significant quadratic effects raise a common question of whether the effective theory
violates the unitarity bound as the new physics contribution should not grow significantly
with energy scale. However, the unitarity bound should be considered irrelevant in an EFT
application [26,106], as EFT stems from the assumption that the new physics scale is much
greater than the energy scale of the processes we measure, and hence we can make the
small value expansion for the first and second order around ¢;/A? and omit higher orders.
Furthermore, both ¢; and A are treated as free parameters in this analysis. While the EFT
samples are generated at A = 1 TeV, the final limits are set on ¢; /A%

The limits of cyp and cywp in both parametrizations are driven by the EFT impact on
the total width of the Higgs boson, in particular the partial width of other decay channels.
For cywp (cyp), the limit set with linear plus quadratic parametrization is improved by
approximately 86% (96%). On the other hand, the impact on ¢y limits is insignificant

with the maximal difference at a 20% level in the second order before and after including the
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Higgs-width parametrization. Overall, the limits set on cyy are predominantly driven by
the fiducial parametrization. This is because the corresponding operator of cyy, describes
anomalous coupling of the Higgs boson and the vector bosons and our process has two of
such vertices. For the CP odd operators, since they only have impact on the Higgs width
in the second order, limits set on ¢ywp and ¢yp after including the quadratic terms are
significantly more stringent compared to the linear-only limits.

The nuisance parameters of the parametrization coefficients have negligible effect on the
final limits. The inflation of the MC statistical uncertainties in the fiducial parametrization
fits for ¢y, and ¢y is also found to have sub-percentage effect on their limits.

One potential method to improve the EFT sensitivity is to modify the observable binning.
While the nominal binning for A¢,; is four equal-sized bins between —m and 7, we have
tested using an eight-bin scheme for the cyy group. The EFT correction by ¢yw for the
two binning schemes are compared in Fig. 50. The highest impact for ¢y = 0.7 is at
a +£30% level for the finer binning and at a £20% level for the coarse binning. However,
the statistical uncertainties for the differential A¢;; measurement are at a 40% level with
the four-bin scheme, which is 30% more precise than expected for the eight-bin scheme.
Therefore, the EFT limits set by the two binning schemes are in agreement at percentage
level. Finally, the four-bin scheme is chosen with a trade-off of averaging out the high EFT

impact region below and above Ag;; = 0.
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Finally, the expected EFT constraints given by the sensitivity tests are used to study the
potential BSM bias when using the boosted decision tree (BDT) techniques which are trained
based on SM simulated events. We show the BSM bias tests results in Appendix D. The
BSM test is conducted conservatively with the Wilson coefficients chosen to be much greater
than expected limits. As a result, the bias is contained within 5-10%, which is insignificant

compared to the expected statistical uncertainties.

11.3 EFT results

This section presents the EFT interpretation results evaluated from the ATLAS Run-2
dataset. We use the same negative-log-likelihood minimization strategy as discussed in
Sec. 11.2. The linear-only and linear plus quadratic results are summarized in Table 21.
Fig. 51 presents the measured differential cross sections and the SM predictions and the
SMEFT predictions with Wilson coefficients fixed to the observed negative limits set at two
standard deviations.

The complete profile likelihood scans are compared with the expected scans in Fig. 52
and Fig. 53 for the linear results, and in Fig. 54 and Fig. 55 for the linear plus quadratic
results. For the cggs group under the full parametrization, as shown on Fig. 55, the double
local minima start being noticeable, as expected from the double roots for a quadratic
equation. However, their confidence intervals remain contiguous and no disjoint intervals can
be extracted. In general, the systematic uncertainties have small impact on the EFT limits.
However, a large effect is observed for cp,s with the linear plus quadratic parametrization.
This is due to several nuisance parameters from jet resolution and top background modeling
which are known to have large impact on pffl. Overall, the coefficients are all compatible
with zero, indicating there is no evidence for any contribution from EFT operators.

Finally, the constraints provided by this analysis are consistent with the results reported
in the previous ATLAS VBF H— WW*— (vlv EFT analysis [28] using a partial Run-

2 dataset corresponding to 36 fb~! collected between 2015-2016. Both analysis illustrate
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better sensitivity to cyw and cpgs comparing to other Wilson coefficients. Our analysis
improves the constraints of these two coefficients by a factor of 2-3. In comparison with
other Higgs decay channels, the H — [viv channel is more competitive comparing to the
ATLAS H — ~v analysis [105] in its sensitivity to cgw in both the first the second order
of ¢;/A? and to the CP odd operators in the first order as they only affect the decay in the
second order.

The large impact from quadratic terms is also observed using the Run-2 dataset. This
observation motivates the development for the dimension-8 operators, which can potentially
cancel the large quadratic effect by the dimension-6 operators, making the theoretical cal-

culations finite at higher order.

Optimal Linear Linear + Quadratic

Parameter | observable | Best-fit value 20 limits Best-fit value 20 limits

[TeV—2] [TeV—2] [TeV—2] [TeV—2]
crw /A? Agjj -0.99 [—2.64,0.60] -0.87 [—1.80,0.61]
crw /A2 Agj; -0.28 [—1.84,1.31] -0.30 [—1.09,1.37]
cawn/ N Aoy -3.14 [—13.67,5.90] -0.50 [—1.24,1.08]
cawp/N? Agjj -2.60 [—16.77,11.80] -0.39 [—1.17,1.14]
cup/N? Agjj -1.30 [—6.66, 4.56] -0.18 [—0.60, 0.66]
crp/M\? Agj; -4.75 [—31.63, 22.22] -0.21 [—0.63,0.63]
Crgs/ N ph -0.18 [—0.74,0.30] -0.17 [—0.56,0.43]
Crq1 /N p?rl 6.11 [—6.92,21.65] 0.98 [—2.24,2.04]
Crru) N2 P -3.00 [—11.42,4.19] -1.18 [—2.54,3.11]
cra/ N i 8.47 [—12.86, 33.43] -1.96 [—3.70, 3.38]

Table 21: Best-fit values to data and 2¢ intervals obtained from profile likelihood scans of
the Wilson coefficients under linear-only and linear plus quadratic parametrization.

109



= R T T T T T T T T T R R A R = R T T T T T T T T T T R A R
e C e Data i E C e Data ]
= [ — = [
g I— ATLAS Internal Data Total Unc. ] 8 iI— ATLAS Internal Data Total Unc. ]
= _ e m Powheg+Pythia8 N = - _ 1 m Powheg+Pythia8 B
g Vs =13 TeV, 139 fb g m-0.8(i) ] g [ Vs=13Tev,139fb G =-0.63(i) ]
3 0.8— — C,z=-0.6(lin.+quad.) —| 3 0.8(— — C,z=-0.63(lin.+quad.) —
3 5 -+ Cup=-1.24((in) ] 3 C - Gayp=1.17(in) ]
= — Cpyyp=1.24(lin.+quad.) — = — Cywe="1.17(lin.+quad.) —
= -y =-1.8(lin.) B = - Gy =-1.09(lin.) -
0.65 — ¢ ="1.8(lin.+quad.) ] 0.65 — Cpyy=-1.09(lin.+quad.) —

0AAAAlAAAAlAAAAlAAAAlAAAAlAAAA 0AAAAlAAAAlAAAAlAAAAlAAAAlAAAA
- s 2
5 18 5
2 14 2 15
c 1.2 =
S 1 S 1
S 82 S
=l . =l
S 04 2 05
T 02 a

A(pJl [rad]
= R B e B R Ea s m s B
)
0] ~ e Data —~
Q€ oo~ ATLAS Internal Data Total Unc. —
= [ s =13TeV, 139 fb m Powheg+Pythia8 T
5 C ' —oim €y =-3.7(1i.) ]
_g— L — ¢,,=-3.7(lin.+quad.) 4
T 0015— - - Gy =2.24(1in.) A
kel - — chlz-2.24(Iin_+quad.) -
- - Cypy=-0.56(lin.) B
L — Cy=0.56(lin+quad) ]|
-.- ¢, =-2.54(lin.)
0.01— H —
C — c=254(in+quad) |
0.005—
ol—
b 3F
<] E
2 2F
S 1E
© E
=1 OfF
o E
T 1B

o

Jeln
P, [GeV]

Figure 51: The measured differential cross section (black data points) and uncertainty (gray
error band) as a function of A¢;; (top left and top right) and p’ (bottom) is shown to-
gether with the predictions without (blue data points) and with EFT corrections (colored
histograms). The values of the Wilson coefficients correspond approximately to the observed
negative limits set at two standard deviations with the full parametrizations. The contribu-
tions from the interference between the SM and EFT amplitudes (lin.) and from the total
of the interference and the BSM terms (lin.+quad.) are represented as dotted and dashed
lines, respectively.
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Figure 52: Profile likelihood scan of the cyy group with the linear parametrization to the
SM Asimov dataset (blue) and to data (black) with statistical uncertainties only (dashed
curve), and with statistical and experimental systematics uncertainties (solid curve).
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Asimov dataset (blue) and to data (black) with statistical uncertainties only (dashed curve),
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12 Conclusion and outlook

The fiducial and differential cross-section measurements for the vector boson fusion produc-
tion of the Higgs boson in the H— WW*— (vlv final state are presented for the first time,
using proton-proton collision data collected by the ATLAS experiment at a center-of-mass
energy of v/s = 13 TeV and with an integrated luminosity of 139 fb=!. The data are selected
with opposite-flavor leptons from the decay of W bosons along with two energetic jets in
the final state. The kinematic observables measured from these objects are corrected to
particle-level, accounting for detector inefficiencies and resolutions. The measured fiducial

cross section is 1.68%935 (stat) 02> (sys)fb and is consistent with several Standard Model

predictions including NLO QCD and NLO electroweak corrections. The fiducial cross section
is also measured differentially as a function of kinematic variables of the final-state leptons
and jets and is compared with several predictions from perturbative QCD calculations and
Monte Carlo simulations. The data-theory agreement is reflected by the consistently high
p-value ranging from 0.22-0.98 for the nominal signal prediction.

A model-independent new physics framework called Effective Field Theory that includes
the interference between the SM and dimension-6 operators as well as pure BSM contribution
is used to set limits on 11 Wilson coefficients. The analysis strategy is fine-tuned to provide
stringent constraints on several Wilson coefficients using the observables sensitive to the
impact from their corresponding operators. Owing to the generality of EFT application,
the EFT interpretation provided by this analysis can be prospectively combined with other
analyses probing different SM processes to improve the constraining power on the Wilson
coefficient. Furthermore, the precision driven by the statistical uncertainty of data will be
further enhanced by the next operational run (Run-3) and the High-Luminosity Phase of
LHC.
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Appendices

A Expected differential cross sections

This section presents the expected differential cross sections extracted using the Asimov
dataset. The results demonstrate closure with the nominal POWHEG+PYTHIA 8 prediction.
The expected precision of cross-section measurement per bin is generally at the 40-80% level.
A few bins measured at high energy scale are intentionally measured with uncertainty greater
than 100%, due to the expected low statistics. We plan to use the measurement to put an
upper bound in the cross sections measured in these bins.

The Asimov results for pZ is shown in Fig. 56. The p¥, Ay, Ay;; and cos ¢, distributions
are shown in Fig. 57. Several lepton variables (pffl, p£T2, my and Agy) and jet variables (pjfl,

p]f, m;;, and Ag;;) are shown in Fig. 58 and Fig. 59, respectively
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Figure 56: The expected differential fiducial cross sections at /s = 13 TeV for pZ in com-
parison with the theoretical predictions from POWHEG+PYTHIA 8, POWHEG+HERWIG 7,
MG5+HERWIG 7 and VBFNLO+PyYTHIA 8 at particle-level and from VBFNLO-NLO
at parton-level. The error bars on the data points show the statistical uncertainties, while
the total uncertainties are indicated by the gray boxes. The error bars on the expected
cross sections indicate the total theory uncertainty. The bottom panel shows the ratio of
different predictions to the data, and the gray area represents the total uncertainty of the
measurement.
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Figure 57: The expected differential fiducial cross sections at /s = 13 TeV for p4, Ayq,
Ay;; and cos 6, in comparison with the theoretical predictions from POWHEG+PYTHIA 8,
PowHEG+HERWIG 7, MG5+HERWIG 7 and VBFNLO+ PyTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel
shows the ratio of different predictions to the data, and the gray area represents the total
uncertainty of the measurement.
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Figure 58: The expected differential fiducial cross sections at /s = 13 TeV for peTl, péTQ,
my and A¢y, in comparison with the theoretical predictions from POWHEG+PYTHIA 8,
PowHEGH+HERWIG 7, MG5+HERWIG 7 and VBFNLO+PYTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel
shows the ratio of different predictions to the data, and the gray area represents the total
uncertainty of the measurement.
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Figure 59: The expected differential fiducial cross sections at /s = 13 TeV for p%, p&z,
mj;, and A¢;; in comparison with the theoretical predictions from POWHEG+ PYTHIA §,
POWHEGH+HERWIG 7, MG5+HERWIG 7 and VBFNLO+PYTHIA 8 at particle-level and
from VBFNLO-NLO at parton-level. The error bars on the data points show the statistical
uncertainties, while the total uncertainties are indicated by the gray boxes. The error bars
on the expected cross sections indicate the total theory uncertainty. The bottom panel
shows the ratio of different predictions to the data, and the gray area represents the total
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of the measurement.
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B Differential cross sections

We report measured background normalization factors (labeled as pu or NPata /NMC) and
the correlation among the cross sections (o;, where i corresponds to the bin number) and
the normalization factors for all the measured differential cross setions in Fig. 60-Fig. 72.
The Drell-Yan normalization factors are labeled as “Z+jets” for the parameter used for
simultaneous estimation in SR and CRZjets, and “Z+jets CRGGF” or “Z-+jets ggF” for the
one used in ggF CR. The only ggF normalization factor is labeled “ggF”. Finally, the top plus
diboson background is denoted by “VV+Top-j” (j numerates the number of normalization
factors according to Table 14) for the parameters from SRs and “VV+Top ggF” for the one
from ggk CR.

The background normalizations are compatible across measured observables, and com-
parable to the ones in the inclusive fiducial cross-section measurement. The top and diboson
normalization factors in the SRs range from 0.70 — 0.95, whereas the ones in the ggF CR
range from 0.95 — 0.98. The top and diboson normalization in the SRs fluctuate more sig-
nificantly since they are estimated in different kinematic regions, some of which are more
susceptible to higher order effects. The Z+jets factor from CRZjets and ggF' CR ranges from
0.84 — 0.87 and 0.78 — 0.86, respectively. The estimation of the Drell-Yan normalization
is stable since it is driven by CRZjets which is invariant across measurements of different
observables. Finally, the ggF normalization factor spans the largest range from 0.94 — 1.21
with an uncertainty of 40%.

The correlation matrices among the measured cross-section values in each bin of the
distributions and the background normalization factors, as results of the likelihood fits, are
obtained independently for each differential cross-section measurement. The correlations
among parameters are generally less than 20%, with a few exceptions. Anti-correlations
(10% — 50%) are observed between the yields of adjacent fiducial bins due to bin-to-bin

migrations. Between the top and diboson normalization factors and the cross section bins

128



from which the top plus diboson background is estimated, anti-correlation up to about
35% is observed. Up to 35% anti-correlation is measured between cross sections and ggF
normalization factors from differential bins with large ggF contamination. Similar to the
inclusive fiducial cross section measurement, a high correlation up to 60% among the top

plus diboson factors in the SRs and in ggF CR is caused by their modeling uncertainties.
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(b) Correlations of the measured parameters.

Figure 60: The measured background normalization factors (u) and the correlations among
the measured cross section in m;; bins (¢;) and the normalization factors (NP2 /NMC),
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Figure 61: The measured background normalization factors (u) and the correlations among
the measured cross section in Higgs pr bins (0;) and the normalization factors (NPata /NMC),
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(b) Correlations of the measured parameters.

Figure 62: The measured background normalization factors (u) and the correlations among
the measured cross section in Ay;; bins (0;) and the normalization factors (NP2 /NMC),
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(b) Correlations of the measured parameters.

Figure 63: The measured background normalization factors (u) and the correlations among
the measured cross section in A¢;; bins (0;) and the normalization factors (NP2 /NMC),
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(b) Correlations of the measured parameters.

Figure 64: The measured background normalization factors (u) and the correlations among
the measured cross section in my; bins (0;) and the normalization factors (NP2t /NMC),
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(b) Correlations of the measured parameters.

Figure 65: The measured background normalization factors (u) and the correlations among
the measured cross section in Ay bins (0;) and the normalization factors (NPata/NMC),
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(b) Correlations of the measured parameters.

Figure 66: The measured background normalization factors (u) and the correlations among
the measured cross section in Ay bins (0;) and the normalization factors (NPata/NMC).
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(b) Correlations of the measured parameters.

Figure 67: The measured background normalization factors (u) and the correlations among
the measured cross section in p¥ bins (0;) and the normalization factors (NPata/NMC),
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(b) Correlations of the measured parameters.

Figure 68: The measured background normalization factors (x) and the correlations among
the measured cross section in cos 6} bins (0;) and the normalization factors (NP2#/NMC).
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(b) Correlations of the measured parameters.

Figure 69: The measured background normalization factors (u) and the correlations among
the measured cross section in p bins (0;) and the normalization factors (NP2t /NMC),
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(b) Correlations of the measured parameters.

Figure 70: The measured background normalization factors (u) and the correlations among
the measured cross section in p2 bins (0;) and the normalization factors (NP2t /NMC),
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(b) Correlations of the measured parameters.

Figure 71: The measured background normalization factors (1) and the correlations among
the measured cross section in p} bins (0;) and the normalization factors (NPata/NMC),
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(b) Correlations of the measured parameters.

Figure 72: The measured background normalization factors (1) and the correlations among
the measured cross section in p?? bins (0;) and the normalization factors (NPat/NMC),
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C EFT sensitivity test

In the search for optimal observables for setting EFT limits, multiple observables are affected

by the Wilson coefficients in the cgy3 group. While the most sensitive observable is p]fl, the

pf}l distribution shape is also susceptive to these EFT operators. We test the sensitivity using

ple and report the limits given by the Asimov data in Table 22.

Wilson | Observable Best-fit Linear Linear + Quadratic
coeff value [TeV~?] | 20 limits [TeV™2] | 20 limits [TeV 2]
Crrgs/ N2 P 0.00 [—0.56,0.47] [—0.43,1.20]
Crrqr/ \? Py 0.00 [—11.92,14.78] [—1.85,1.65]
Crru/ N Py 0.00 [—8.31,6.94] [—2.03,2.57]
cua/N? Py 0.00 [—20.90, 24.82] [—3.03,2.73]

Table 22: Best-fit values to the SM Asimov dataset, and the 20 intervals obtained from
profile likelihood scans of the cpgs group of Wilson coefficients under linear-only and linear
plus quadratic parametrization.
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D EFT bias test

Despite the fact that BDTs are developed to contain the minimal information from MC
predictions while retaining the sensitivity to signal, we need to test if the BDT values are
biased towards SM prediction. We conducted fits with SM plus BSM data. Due to the lack
of EFT samples at reconstruction-level, the BSM data is made by reweighting the signal to
SM plus EFT at a large value of Wilson coefficient. The values are chosen to be close to
twice as large as the 1o expected limit for each Wilson coefficient. The reweighting spectrum
is chosen to be some of the most important variables in the BDT training. The first BSM
test only reweighted MC events based on one variable, which is considered very conservative
as it distort the correlation with other observables and will induce significant change in the
BSM data. The result for this 1-dimensional reweighting is shown in Fig. 73.

We also reweighted according to two highly correlated BDT input variables at the same
time (2-dimensional reweighting), since BSM physics might also modify the correlations of
the BDT input variables. The example shown in Fig. 74 is based on a reweighting according
to the m;; and Ay;; distributions.

In summary, we observe a maximum 10-20% bias in the case of BSM modeled by EFT
where the Wilson coefficients chosen have sufficiently surpassed the values we can put con-
straints at. Despite the very large values of the Wilson coefficient chosen (which produce
distributions that are incompatible with the SM assumption in the template used), the bias
is well within the statistical uncertainty of our analysis. Therefore, we conclude for this test

that the BDT does not introduce bias in the case of BSM.
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Figure 73: The post-fit result of the nominal fit model with the BSM data is compared with
the BSM prediction at particle-level. The Wilson coefficient and its value used to generate
the BSM data are: cyw = 1.5, cugs = 0.4. The BSM reweighting variable is sAy;;.
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Figure 74: The post-fit result of the nominal fit model with the BSM data is compared with
the BSM prediction at particle-level. The Wilson coefficient and its value used to generate
the BSM data are: cyw = 1.5, cugs = 0.4. The BSM reweighting variables are m;; plus

Ayjj.
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