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Abstract

ABSTRACT

The Higgs mechanism causes the spontaneous electroweak symmetry breaking and
generates masses for the elementary particles. The predicted particle, the Higgs boson,
is the only scalar particle in the Standard Model (SM). The Higgs boson was discovered
by the ATLAS and the CMS Collaborations at the Large Hadron Collider (LHC) in 2012.
Over the past decade, the ATLAS and the CMS experiments continued to improve the
precision of the measurements of the Higgs boson properties. The measurements tested
the Standard Model predictions while probing new physics beyond the SM. The Higgs
boson decaying to a pair of b-quarks has the largest branching ratio among all the Higgs
decay modes, which makes it one of the most sensitive channel to study the Yukawa
nature of the Higgs coupling to the fermions.

This thesis presents a measurement for a Higgs boson produced in association with
a W or Z boson and decaying to a bb pair. The analyzed data samples, corresponding
to an integrated luminosity of 139 fb~!, were collected in proton-proton collisions at the
LHC at a center-of-mass energy of 13 TeV from 2015 to 2018 (Run 2) by the ATLAS
detector. The measurement focuses on high vector boson transverse momentum phase
spaces where the decay products of the Higgs boson can be effectively reconstructed as
a large-radius jet (R = 1.0). This thesis also presents the reconstruction of the large-
radius jet collections, in particular the jet energy and mass scale calibration.

Several large-R jet definitions have been developed at the ATLAS experiment.
These jet collections were evaluated based on the performance of reconstruction, cali-
bration and tagging. The jet collection with the best overall performance becomes the
baseline recommended to all the physics analyses. For the large- R jet collection used
in the VH(H — bb) measurement, the jet energy scale is calibrated to 1% precision
level and the jet mass scale is calibrated to 10% precision level. The calibration perfor-
mance has been improved with the latest large- R jet collection. The non-closure of the
calibrated jet energy scale is smaller than 0.5%.

The H — bb decay was not observed in Run 1 (2011 - 2012) of the LHC because
this channel has an all-hadronic final state through the gluon-gluon fusion production
mode. It is very difficult to select signal events from the overwhelming multijet back-
ground at the LHC. The most sensitive production mode to observe H — bb decay is
the associated production of a Higgs boson and a W or Z boson, where the vector boson

decays leptonically. The increased colliding energy and luminosity in Run 2 enabled
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Abstract

sufficient statistics of V' H production. The evidence of the H — bb decay was first
observed in data collected during 2015-2016, corresponding to an integrated luminos-
ity of 36.1 fb~!. The signal was observed with significances of 3.5 and 3.8 standard
deviations by the ATLAS and the CMS experiments, respectively. The decay products
of the Higgs boson were reconstructed as two b-tagged small-R jets (R = 0.4) in the
analysis.

Further measurements continued to improve the sensitivity of the analysis with
full Run 2 dataset. The measurements have been conducted through two independent
approaches. One of the approaches mainly targets low to medium transverse momen-
tum phase spaces where the decay products of the Higgs boson can be reconstructed
as two small-R jets effectively, referred to as the V H (bb) resolved analysis. The other
approach mainly targets medium to high transverse momentum phase spaces where the
decay products of the Higgs boson can be reconstructed as a large- R jet, referred to as
the V H (bb) boosted analysis. The analysis presented in this thesis follows the second
approach. The V H (bb) resolved analysis had the same strategy as the original measure-
ment that observed H — bb decay. The events were selected by requiring two b-tagged
small-R jets in the final states. The Z H signal was observed with a significance of
5.3 standard deviations and the W H signal was observed with a significance of 4.1
standard deviations.

The high transverse momentum phase spaces can be more sensitive to potential
anomalous couplings. Moreover, the resolved topology is not very efficient for recon-
struction of the decay products of the Higgs boson in high p; regions. The angle between
the two b-jets becomes smaller with larger Higgs boson pr, and the two jets merge into a
large- R jet. In the V H (bb) boosted analysis, the events were selected by matching jets
reconstructed from tracks (track jets) to the leading large-R jet. Two of the track jets
were required to be b-tagged. The V' H signal was measured through a maximum pro-
filed likelihood fit to the large- R jet mass distributions. The signal strength, defined as

the ratio of the observed cross section and the Standard Model predicted cross section,

2+0.39

was measured as 0.7277 .

The signal was observed (expected) with a significance
of 2.1 (2.7) standard deviations. The cross sections of the associated production of a
Higgs boson and a W or Z boson were measured in two transverse momentum regions,
250 — 400 GeV and above 400 GeV. All the measurements are compatible with the
Standard Model predictions. The results were interpreted in the Effective Field Theory
as constraints on anomalous couplings.

After the success of the V H (bb) resolved and boosted analysis, the measurement
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Abstract

of H — bb decay can still be improved from many aspects. The V H (bb) resolved and
boosted analyses have been combined into an analysis that aims to design one coherent,
harmonized approach to extract V H (bb) results and extend the physics output. This
analysis is in progress at the time of the publish of this thesis. The sensitivity of the
measurement has been improved significantly through the multivariate analysis intro-
duced to the boosted topology. The b-tagging algorithms and the Higgs tagging strategy
are also optimized together with the multivariate analysis.

Furthermore, the measurement of H — bb decay will benefit from the increased
luminosity in Run 3 of the LHC (expected 300 fb~!), the large-R jet collection with

better resolution and future improvements of b-tagging, object reconstruction.

Key Words: LHC; ATLAS experiment; Higgs boson; V H production; b-quark;
large- R jet
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Introduction

The Standard Model (SM) of particle physics [1] has been the most successful theory since 1960s.
It provides an accurate description of all the known particles and three of the four fundamental
interactions: strong, weak and electromagnetic forces. The reliability of the SM has been tested in
many experiments and the last missing piece, the Higgs boson was discovered by the ATLAS and
CMS Collaborations at the Large Hadron Collider (LHC) at CERN in 2012 [2, 3]. The LHC [4] is
the largest and the most powerful particle accelerator in the world. The protons are accelerated to
very high energy and then collide. The collisions produce an environment similar to 10~'? s after the
Big Bang. The ATLAS and CMS are two general-purpose detectors that investigate a wide range of
physics, including two areas: precision tests of the SM and search for physics Beyond the Standard
Model (BSM).

The Higgs boson was discovered in the data collected at proton-proton collisions in Run 1, with
center-of-mass energies at 7 and 8 TeV. The major decay channels like H — yy, H — ZZ* and
H — WW* were observed through the most abundant production modes, the gluon-gluon fusion
(ggF), the vector boson fusion (VBF), the associated production with a W or Z boson (VH) and the
associated production with a pair of top quarks (1zH). The main production modes of the Higgs boson
are shown in Figure 0.1. The particle that was observed had a mass around 125 GeV [5]. After the
discovery, the properties of this particle have been measured. The observation of the Higgs boson
decaying to vector bosons permits measurements of couplings with improved precisions between the
Higgs boson and the vector bosons. The results agree with the SM predictions for a Higgs boson with
this mass. However, the couplings between the Higgs boson and fermions predicted by the SM need
to be studied directly in channels where the Higgs boson decays to fermions, which is crucial to tests
of the properties of the Higgs sector.

The dominant decay channel H — bb, with the largest branching ratio of around 58% for Higgs
boson mass myg = 125 GeV, was not well studied in Run 1. The ggF production mode and the VBF

g q q Wiz g t

9 q q

ggF VBF VH ttH

Figure 0.1: Main production modes of the Higgs boson at the LHC.
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production mode take up to 94% of the total Higgs production cross section. Both the ggF and the
VBF production, followed by H — bb decay, result in an all-hadronic final state. It is very challenging
to select decays with such final states in the overwhelming backgrounds from the multi-jet QCD
processes at hadron colliders. The most sensitive production mode to study H — bb decays is the
V H production, where the vector boson decays leptonically. Despite its cross section one order of
magnitude lower than the ggF production, the leptonic decay of the vector boson provides clean
signature to select signal events from the multi-jet background. The VH(H — bb) channel is not only
important to test the SM, it also has large potential to reveal new physics. It allows to study the Higgs
boson at high transverse momentum, which provides enhanced sensitivity to BSM physics, and the
cross section of VH production can even be larger than the ggF one at high pr.

The analyses described in this thesis focus on the search for VH(H — bb) process in high transverse
momentum regions, with data collected at v/s = 13 TeV pp collisions in Run 2. The Higgs boson is
reconstructed using R = 1.0 large radius jet, the so-called large-R jet. This technique has already
been used in searches for BSM physics, but not in measurement of the Higgs boson production cross
sections before. The use of large-R jet allowed exploration of high pt phase space which is particularly
sensitive to BSM physics. As an important ingredient to the physics analysis, the energy and mass of
the large-R jet need to be reconstructed accurately. The derivation of several sets of large-R jet energy
and mass calibration factors is also described in this thesis.

Structure of the thesis and personal contribution

This thesis is divided into six chapters. Chapter 1 gives an overview of the SM and the Higgs
mechanism, highlighting VH(H — bb) process from the theoretical and experimental viewpoints.
Despite the success of the SM in describing the observed particles, there are still limitations and some
methods to explore potential BSM phenomena through VH(H — bb) process are introduced.

Chapter 2 describes the design and performance of the LHC and the ATLAS experiment. The trigger
and data acquisition system is also introduced in this chapter.

Chapter 3 gives an overview of the reconstruction in ATLAS. Objects like leptons, jets, particle tracks
and missing transverse momentum are needed to reconstruct the final state of the physics processes.
The methods to reconstructed these objects from "low-level" electrical signals are described.

Calibration of the large-R jet is a necessary procedure after the reconstruction because a fraction of
energy in a hadronic shower is invisible to the detector. The jet energy scale (JES) calibration is
derived through comparing the reconstructed energy to truth scale energy in MC simulated QCD
di-jet samples, and then correct all the reconstructed energy to MC truth scale. I have worked on
calibration of several large-R jets and small-R jets. The derivation of the calibrations are presented in
Chapter 4.

Chapter 5 describes the VH(bb) analysis. Section 5.1 reports the data samples and simulated event
samples used in the analysis. The triggers used in pre-selection of the data samples are described as
well. The signal and background samples are simulated with several Monte Carlo (MC) generators,
the simulation of every process is introduced.

Event selection and categorisation of the analysis is described in Section 5.2. I have contributed
to the optimization of the b-tagging working point in the event selection, and studied the potential
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improvement of several large-R jet substructure variables. The substructure variables are able to
improve the event selection but it did not enter the final event selection due to the lack of properly
derived systematic uncertainty in time for the publication.

The signal cross section and statistical significance are extracted from a maximum profile likelihood
fit to data and a log-likelihood ratio test after event selection. Section 5.3 describes the source of
systematic uncertainties. The statistical procedure is described in Section 5.4.

Section 5.5 presents the results of the VH(bb) analysis in high pr regions. VH signal strength is
measured from the likelihood fit performed with the large-R jet mass m; as discriminant variable. The
background VZ(Z — bb) is a "signal-like" background. Its signal strength is also measured in the
fitting as a validation of the analysis method. The cross section of VH(H — bb) is measured within
the Simplified Template Cross Section (STXS) framework. I contributed to the statistical analysis,
especially in O-lepton channel.

Measurement of H — bb process has potential to be improved. Section 5.6 is dedicated to the
on-going VH(bb) legacy analysis that combines the two stand-alone VH(bb) analyses: resolved
and boosted. "Resolved" denotes a VH(bb) analysis that mainly interested in lower pr regions,
where the two b-jets can be separated clearly. "Boosted" denotes the VH(bb) analysis in high pr
regions. Small-R jet with better resolution and a better b-tagging algorithm are used compared to the
stand-alone V H(bb) analyses. The boosted analysis is also improved with optimized Higgs tagging
strategy and the use of MVA training, which I have contributed to especially in O-lepton channel.

Finally, Chapter 6 summarizes the work presented in this thesis and provides some personal remarks
on the future perspectives.
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1 The theoretical overview of the Higgs boson

1.1 The Standard Model

The Standard Model (SM) of particle physics [1, 6] is a quantum field theory that accurately describes
all the known elementary particles and three of the four fundamental interactions in the universe:
strong, weak and electromagnetic forces. Only the gravitational force does not have a quantum
mechanical formulation, even though it is accurately described by the theory of general relativity. The
gravitational force is very weak compared to the other three fundamental interactions. Its effect is
negligible at the scale of particles. Therefore, the SM has provided a number of precise and successful
predictions for strong and electroweak interaction phenomena.

The Lagrangian of the SM is invariant under the local group SU(3)c ® SU(2)r ® U(1)y transformation,
where the SU(3)¢ group corresponds to the strong interactions, the SU(2), ® U(1)y group corresponds
to the electroweak interaction. In the SM, the elementary constituents of matter are fermions of
spin-1/2, the fundamental interactions are mediated by the fields of bosons of integer spin. Especially,
the field of the spin-0 scalar Higgs boson causes the spontaneous electroweak symmetry breaking and
generates masses for the elementary particles.

There are three generations of quarks with six flavors: up (1), down (d), charm (c¢), strange (s), top
(1), bottom (b) [7]. The quarks have fractional electric charge, which is +2/3 for u, c, t, -1/3 for d, s,
b. Each quark has an anti-particle with the opposite charge: -2/3 for @, ¢, 7, +1/3 for d, 5, b. The
quarks can interact through strong, electromagnetic and also weak forces. The strong interactions
between quarks, mediated by the gluons (g), is described by Quantum Chromodynamics (QCD). The
quarks carry "color charge" (C) which comes in three colors: red (R), green (G), blue (B). The three
colors form the elements of the SU(3)¢ group corresponding to the strong interactions. The SU(3)
gauge symmetry of the group corresponds to a conserved quantity (Noether’s theorem) [8], which is
the color charge. The nature of the strong interaction includes "color confinement". Colored objects
must be confined to form neutrally colored particles called hadrons and cannot propagate as free
quarks, because separating a free quark from a hadron requires infinite amount of energy. The most
probable bound states of quarks are the half-integer spin three-quark (baryons) and the integer spin
quark-antiquark (mesons) combinations that meet the neutral colored requirement. More complicated
states are allowed, like the two quark two anti-quark states (tetraquark) [9] and the three quark plus
quark-antiquark states (pentaquark) [10]. A few of them have been observed in experiments recent
years.

The leptons are also arranged in three generations in the SM [11]. The charged leptons are electron
(e7), muon (u~), tauon (r7) with their anti-particles e*, u*, 7*. Leptons that do not carry electric
charge are the neutrinos, ve, v,, vr with their anti-particles v,, v,, ;. Particles that carry electric
charge interact through electromagnetic forces, mediated by the photons (y), which is described by
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1 The theoretical overview of the Higgs boson

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
[ I [
mass  =2.2 MeV/c* =1.28 GeV/c* =173.1 GeV/c* 0 =124.97 GeV/c*
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routrine | | noutrino || neutrino | | W boSON

Figure 1.1: Summary of the SM elementary particles and their properties. Three generations of quarks and
leptons, vector bosons and the Higgs boson are shown [14].

Quantum Electrodynamics (QED). Besides the electromagnetic interaction, all the leptons interact
through weak forces. Three kinds of vector bosons W*, W~ and Z mediate the weak interaction. With
the U(1)y part of the gauge symmetry, the quantity known as "weak hypercharge" (Yy ) relating to the
electric charge and the third component of weak isospin, is conserved in electroweak interactions.
The SU(2);, gauge symmetry has a suffix "L", as the weak vector bosons only couple to left-handed
fermions and their right-handed antiparticles. The three generations of quarks and leptons have
the same gauge structure but with different masses. The SU(2); ® U(1)y symmetry forbids mass
terms in the Lagrangian. The Higgs boson (H) provides the mechanism that causes the spontaneous
electroweak symmetry breaking and generates masses for other particles, which is the so-called "Higgs
mechanism" [12, 13]. It is further described in the following sections. Figure 1.1 summaries the
elementary particles and their properties in the SM.

Quantum field theory [15] is the application of quantum mechanics and special relativity to dynamical
systems of fields. From the field viewpoint, the elementary particles are described by relativistic
fields. The fundamental law of mechanics is the principle of least action. The action is defined as the
time integral of the Lagrangian L. In a local field theory the Lagrangian can be written as the spatial

20



1.1 The Standard Model

integral of a Lagrangian density £, which is a function of one or more fields ¢ and their derivatives
0.

S = /Ldt = /L(¢, Aup)dix. (1.1
The Euler-Lagrange equation of motion for a field can be derived from the principle of least action:
0L 0L 0oL
0=65=/d4x{—6 -9 (—)5 +9 (—5 )} (1.2)
50"~ \6@,0)) " "\ 6@

The last term can be turned into a surface integral over the boundary of the four-dimensional space
time region, which is zero as the initial and final field configurations are given, d¢ vanishes on the
spatial boundary. For the first two terms, to keep the integral vanishes for any d¢, the integrand has to
be zero every where,

a,,( 0L ) oL _, (1.3)

u¢)) 0¢
As the fundamental laws can be put in the form of the principle of least action, this principle should
work with relativistic fields. It means for a field ¢, after a rotation or boost to a different frame of
reference, the equation of motion can still be derived from the Euler-Lagrangian equation Eq. 1.3.
If a field is relativistically invariant, then the form of its equation of motion should not change in a
different frame of reference. This is automatically satisfied if the Lagrangian is a Lorentz scalar. Thus
for a field that can exist in nature, its Lagrangian has to be a Lorentz scalar.

1.1.1 Quantum Electrodynamics

The theory of QED [16-19] describes electromagnetic interaction between charged fermions and
photons. The QED Lagrangian can be written as:

‘LQED = LDirac + LMaxwell + ‘[alnb (14)
The first part is the Lagrangian of Dirac field,
Lpirac = l;(iyﬂay - m)lﬁ, (1.5)

where i and ¢ = Ty are the fields of the fermions, y* are the Dirac matrices from gauge symmetry,
m is a scalar corresponds to the mass of the fermions. The equation of motion of the Dirac field can
be derived using Eq. 1.3, which is the Dirac equation.

(iy* 0y —myy =0, —idyy* —my = 0. (1.6)

The solution of the Dirac equation are spinors, composed by two sets of creation and annihilation
operators that obey the anticommutation rule, corresponding to fermions and anti-fermions. The
angular momentum of fermions is +1/2, while for anti-fermions it is +1/2.

The second part is the Lagrangian of electromagnetic field,

1 1
LiMaxwell = _ZF,uVF”V = _Z(aﬂAv - 8VA,u)2a (1.7)
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1 The theoretical overview of the Higgs boson

where A, is the electromagnetic vector potential, F},,, = d,A, — 0, A, is the electromagnetic field
tensor.

The third part is the Lagrangian that describes interactions between fermions and photons,
Lin = —eyy" YAy, (1.8)
where e is the electron charge.
A crucial property of the QED Lagrangian is that it needs to be invariant under U(1) transformation:
. 1
U(x) — em(x)v,b(x), Ay — Ay — —0ya(x). (1.9)
e

In fact, the QED Lagrangian can be written as a simpler form:

- 1
Loep = Y (iy* Dy —m)y - ZFWF”V, (1.10)
where D, is the gauge covariant derivative,
Dy, =0, +ieA,(x). (1.11)

The QED Lagrangian is a simple example of gauge symmetry theory that can describe the electro-
magnetic interactions between charged fermions. It is invariant under U(1) transformation, which
corresponds to a conserved quantity, the electric charge. From the modern viewpoint, gauge symmetry
is a fundamental principle of the fields, so the form of Lagrangian can be constructed through the
gauge symmetry that it follows. Similar to QED, all the interactions are described by gauge theories
in the SM, while the gauge symmetry for QCD is SU(3), and for electroweak is SU(2) ® U(1).

1.1.2 Non-Abelian gauge theory

The QED Lagrangian can be constructed from terms that are invariant under U(1) transformation.
More general field theories can be constructed through any continuous symmetry group, the first of
such field theories was constructed by Yang and Mills [20, 21]. Starting with a doublet of Dirac fields,

_ (¥(x)
o= (o) (12

and the SU(2) transformation, which is essential to the symmetry of electroweak interaction,
. a'i
W — exp (ial(x)T) v, (1.13)

where o' are the 2 x 2 Pauli matrices, a’(x) are components of a three dimensional arbitrary function
of x. This transformation is different from a rotation in physical space. Yang and Mills considered
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1.1 The Standard Model

(1, ¥2) to be proton-neutron doublet transformed under isotopic spin in their original work. To keep
the Lagrangian invariant under the SU(2) transformation, the covariant derivative is found as:
i

Dy =8, —igA,Z

- (1.14)

here AL are three vector boson fields, one for each generator of the transformation group, and g is a
constant extracted for convenience, similar to the electron charge e in QED.

To write down the complete Lagrangian, gauge-invariant terms that depend only on AL are also
needed, which corresponds to the kinetic energy term of the vector boson field. It is found as:

| - )
L= =g Fnt™, (1.15)
Fl, = 8,A. - 8, AL + gel* Al AL, (1.16)

where F}, is the field tensor of field A’,, and /¥ is the totally antisymmetric tensor with ' = 1 [22].
The Lagrangian of a Yang-Mills vector field can be constructed by adding the gauge field Lagrangian
Eq. 1.15 to the Dirac Lagrangian, with the ordinary derivative d,, replaced by the covariant derivative
Dy,
_ | P
-EYang—Mills = ‘l/(W”Du)W - ZF;EVF#V —myy, (L.17)
this is the Yang-Mills Lagrangian, it is the simplest example of a non-Abelian gauge theory.

Chromodynamics

The theory of QCD [7, 23-26] describes the strong interactions between quarks. It is a non-Abelian
gauge theory with the color SU(3) gauge symmetry. The color charge is the gauge quantum numbers
of quarks. With same steps as the Yang-Mills theory, considering a triplet of Dirac fields, each field
operator ¥x corresponds to the quarks carrying color R, G or B.

Ur
¥ =y |- (1.18)
¥B
The SU(3) transformation is
03) = exp i % | oo, (119

where A, are eight 3 X 3 Gell-Mann matrices corresponding to gluons of color octet, a(x), ..., ag(x)
are eight arbitrary functions of x.
The covariant derivative that can keep the Lagrangian invariant under SU(3) transformation is

a

A
Dy = 0~ ig:Gpy 5. (1.20)
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1 The theoretical overview of the Higgs boson

where G}, a = 1, ..., 8, are eight vector boson fields corresponding to the eight massless gluons, and g5
is the coupling constant of strong interaction.

The kinetic energy term of the gluonic field is

1
L=-1G G,

G4, = 0,G¢ - 8,G8 + g f*"° G GS,
here f9P¢ are the structure constants of the SU(3) group.

The complete Lagrangian of QCD is given by:

_ 1
Loco = D Giliy"Du—méipu; — 1G4, G, (121)
i,j€R,G,B
o
Dy = 60, — igSGZ%. (1.22)

This is the QCD part of the SM Lagrangian. The sum runs over all the color charge carried by quarks.

Electroweak Interaction

A model with SU(2);, ® U(1)y gauge symmetry introduced by Glashow, Weinberg and Salam (GWS)
gives a unified description of the electromagnetic interaction and the weak interaction [27-29].
Starting from the SU(2) Yang-Mills theory, the quantum number needed to describe weak interaction
is the weak isospin (Iy). It is not real spin, but a quantum number related to the properties of the
weak interaction. A very useful tool to study the SU(2) symmetry is the right-handed and left-handed
Dirac fields, defined as

1-v° 1+
YL = 2 U, YR = > v,
=y +Yr,
where y° = iy%y'y?y3, ;. and g can be calculated using the definition = y?,
- 1+y° 1=y
Y=y 2 JYR =Y >
Y =YL +yYr,

notice (y°)" = 9>, (¥°)> = 1 and {y°, 9’} = 0 are used in the calculation. Then the Lagrangian of

free fermions can be expressed with the left-handed and right-handed fields.

Lbirac = lﬁ(iyﬂa/.t - m)(//
= Yyt + UriyH 0, r — m(YRYL + YLYR).

In the weak isospin space, Y1 corresponds to left-handed fermions, g corresponds to right-handed
fermions.
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1.1 The Standard Model

As measured in the experiments, W* bosons only couple to left-handed fermions and right-handed
anti-fermions, which means the SU(2) transformation only affect left-handed fermions and their
anti-particles. The left-handed fermions have weak isospin of Iy = 1/2, the third component of
weak isospin for "up" type fermions is Is = +1/2, and for "down" type fermions is I3 = —1/2. The
right-handed anti-fermions have opposite /3. Left-handed fermions in the same generation can be put
as a weak isospin doublet under SU(2) transformation. The fields of generation i leptons and quarks
are arranged as:

¥, = wL(Vl) ’ lﬁL(Mz) ’ (1.23)

yo(l7)) \yr(d)

where d] = ) j Vijd;, V is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [30].

Right-handed fermions are weak isospin singlet,

Yr = Yr(W;), Yr(d;), Yr()), (1.24)

so they are not affected by the SU(2),. transformation. No right-handed neutrinos and left-handed
anti-neutrinos have ever been observed.

However, this SU(2) model forbids mass terms of the gauge bosons in the Lagrangian, while the weak
gauge bosons, W* and Z, are massive. An additional scalar field ¢ that transforms as a spinor is
proposed to solve the problem of massless particles and spontaneously break the symmetry. This is
further described in Section 1.1.3 as the Higgs mechanism. A theory with SU(2) symmetry is found
to have two massive gauge bosons and one massless boson, which is not the case for weak interaction.
Therefore, introducing an additional U(1) gauge symmetry, the complete transformation becomes:

a
Wy - exp (ia“(x)%) . expliB/2)¥y. (1.25)
The covariant derivative is | |
Dy = 8 = izgWyity —igYw By (1.26)

where Wy and By, are fields of the SU(2) and U(1) gauge bosons, 7} are the Pauli matrices, with
subscript L to indicate they only act on left-handed fermions, g and g’ are coupling strength of the
SU(2) and U(1) fields, Yy is the U(1) charge, which is the weak hypercharge defined as:

Y = 2(0 - Iy). (1.27)

The fermion field term can then be expressed with left-handed and right-handed fermions written
separately,

T, . . 1 . 1 7 T . . 1 7
L= Z YriyH (0, — 1§gW/fTI‘j - lig YwB,)¥r + Zley"(ﬁﬂ - lig Yw B, )YR. (1.28)
YL YR

The kinetic energy term of the vector boson fields is

1 1
= —-W2% W — —B,,B"",
£ 4 4 (1.29)

Wa, = 0, Wi-0,W5 + ge“** WiWS | B, = 8B, — 6,B,.
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1 The theoretical overview of the Higgs boson

The field tensors Wy, and By, are constructed from W7 and By, for SU(2) and U(1) gauge symmetry.

The vector bosons are linear combinations of the gauge fields,

| A |
W; = 6(WM—ZWN), W# = 6

Zy = —By sinOw + W, cos Ow , Ay, = By cos Oy + W, sin Oy,

1, w2
(W, +iW)),

where 6y is the weak mixing angle defined as:

’
cosHW=L, sin Oy = g

There are three massive vector bosons corresponding to the weak vector boson W*, W~ and Z,
and they acquire masses through the Higgs mechanism. The forth vector boson y remain massless,
corresponds to photon.

(1.30)

The complete form of electroweak Lagrangian can be written as:

- 1 1
Lew = Z Yivi Dy - ZWI?VWV”R - ZBMVBV”' (1.31)
YL y¥r

There is no fermion mass term in this Lagrangian, because all possible such terms are forbidden by
local gauge invariance. As the field 1, and g belong to different SU(2) representations, and they
have different U(1) charge, any term that contains /gy and ;g breaks the SU(2) ® U(1) gauge
symmetry.

1.1.3 The Higgs mechanism

As described in previous section, all possible fermion mass terms are forbidden in the electroweak
Lagrangian Eq. 1.31 by the local gauge invariance, and the gauge boson masses can only be generated
by an additional scalar field ¢. This scalar field is an essential part in the structure of GWS theory.
It provides a solution to the problem of massless particles, and causes the spontaneous electroweak
symmetry breaking. The theory was introduced by Brout, Englert, Higgs and their collaborators in
1964 [12, 13], therefore this mechanism is called as the "Brout-Englert-Higgs" mechanism.

The Higgs field transforms under SU(2);, ® U(1)y gauge symmetry as a self-interacting doublet of
scalar fields, with the weak hypercharge Y = 1. It is parametrized as

1 (¢* 1 (1 +ig
d=— = , 1.32
\/§(¢0) \/§(¢3 +i¢>4) (1.32)

where ¢+ and ¢° are two complex scalar fields. The covariant derivative of ® is

1 a 1 ’
EgW;lO' +i=g'B,)®, (1.33)

D@ = (), +i >
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YV (D)

Figure 1.2: The shape of Higgs potential when u? < 0. Spontaneous symmetry breaking occurs when the Higgs
field reaches the state of minimum potential.

with the complete form of the Higgs Lagrangian written as:
Ly = (D, D) (D' D) - V(D). (1.34)

The Higgs field couples to the Wi and By, fields through the kinetic term (D”(D)"'(D'“(D), V(D)
is potential of the Higgs field. The SM Higgs potential, which has to be invariant under the
SUQ2);, ® U(1)y transformation, is constructed as

V(®) = 2OTD + (DT D), (1.35)

where the 1 term describes the quartic self-interactions among the scalar fields, u? is a negative
constant. Vacuum stability demands A to be greater than zero. If 4> > 0, the state of minimum
energy occurs when @ = 0, and the symmetry is not broken. When u? < 0, the Higgs potential has a
"Mexican-hat" shape, and the state of minimum energy is reached when:

f Lo 2, 0 o @
O'P = §(¢1+¢2+¢3+¢4):_ﬁ :7. (136)
Where v = +/—u? /A is the vacuum expectation value (VEV) of the Higgs field. Spontaneous symmetry
breaking occurs when the Higgs field reaches the state of minimum potential. Figure 1.2 shows a

schematic drawing of the Higgs potential projected in two dimensions.

With the freedom of SU(2) rotation, the vacuum expectation value of the Higgs field can always be
written in the form:

1 (0
The Higgs field can be written as:
1 0
© - ﬁ(u ! H), (1.38)
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1 The theoretical overview of the Higgs boson

where H is a real scalar field with (H) = 0, the quanta of this field is the Higgs boson with mass
mu = V24v. (1.39)

Then the gauge boson masses arise from (DNCI))T(D"(D). The masses can be obtained from the
coupling part of the covariant derivative:

1 1 1 1 1 0
AL = =0 v)|=egW%* + —o¢'B, | | =eWHP 5P + — o’ B* , 1.40
L 2( v)(zg not 58 u)(zg o+ 58 )(U) (1.40)

evaluate the matrix product explicitly, the masses are found as:

1 1
my = 58, mz = vafgz +g%, my=0. (1.41)

Therefore the spontaneous symmetry breaking caused by the Higgs field generates masses of the W
and Z bosons, while the photon remain massless. The fermions acquire mass through renormalizable
interaction with the Higgs field. An additional Yukawa Lagrangian is added to describe the interaction
between fermions and the Higgs field. It is written as:

Lyuykawa = —yfj~£Li D eg; — )’fle_Li O dgj - y?jQ_Li ® ug; + h.c., (1.42)

where y* are 3 x 3 Yukawa matrices describing the coupling strength for different generations; Ly,
Oy are the left-handed doublets for three generations of leptons and quarks; eg;, dgj, ug; are the
right-handed singlets for three generations of charged leptons, down-type quarks and up-type quarks;
i, j refer to the three generations in the quark and lepton sectors; ® is defined as io»®*. The mass of
fermions can be obtained by inserting Eq. 1.38 to the Lagrangian.

The Lagrangian of the SM is completed at this point, it can be expressed as:

Lsm = Laocp + Lew + Lu + Lyukawa » (1.43)

with each component of the Lagrangian described in this section, expressed as Eq. 1.21, Eq. 1.31,
Eq. 1.34 and Eq. 1.42. It is invariant under Lorentz transformation and SU(3)c ® SU(2)L ® U(1)y
transformation.

1.2 Higgs boson phenomenology at the LHC

The SM Higgs boson is the quanta of the Higgs field as described in Section 1.1.3. The SM predicted
Higgs boson mass is mpy = V2Av, where A is a free parameter not predicted by the SM. The couplings
of the Higgs field to other fields also depends on this parameter, so the production rate and decay
width of the Higgs boson cannot be determined without knowing the Higgs boson mass. However,
once the mass of the Higgs boson is fixed, all the couplings are also fixed. Then the Higgs boson
production cross sections and decay width can be computed with the SM. The Higgs boson was
discovered in 2012 from several decay channels, the properties of this particle have been measured
more and more precisely since the discovery. This section gives an overview of the properties of the
SM Higgs boson, the discovery of this particle, and the importance of V H(bb) channel.
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Figure 1.3: Measurements of myg in H — yy and H — ZZ* — 4l channels the by the ATLAS (left) [31] and
the CMS (right) [32] experiment. The measurements are performed with full Run 1 data samples and early Run
2 data samples.

1.2.1 Higgs boson properties

The SM predicted the Higgs boson as a spin-0 and CP-even (J¥ = 0%) particle with a free parameter
of its mass. One of the first goals of the experiments is to measure the Higgs boson mass. The
Higgs boson has two high resolution decay channels: H — yy and H — ZZ* — 4. The
measured mass is obtained from a simultaneous fit to the peak of the invariant mass in these two
channels. The measured mass with data collected by the ATLAS detector in Run 1 and early Run 2
ismyg = 124.97 + 0.24 GeV [31]. The measured mass with data collected by the CMS detector in
Run 1 and early Run 2 is my = 125.38 £ 0.14 GeV [32]. The measured mass with the combined
data samples of the ATLAS and CMS experiments in Run 1 is mgyg = 125.09 + 0.24 GeV [5]. This
measurement is used as the most precise result to date. Figure 1.3 is a summary of the Higgs boson
mass measurements from several individual and combined analyses by the ATLAS and the CMS
experiments.

Measurements of the cross sections in major Higgs decay channels are combined with maximum
profile likelihood fit. The signal strength g, is the parameter of interest in the fitting, representing the
measured signal yields in data over the expected signal yields from the SM processes. The significance
of the signal is evaluated with a background-only hypothesis test using the profiled likelihood ratio
test statistic. More details about the fitting can be found in Section 5.4. The measured signal strength
can be used to evaluate the cross section,

(0 Brox)obs = M- (0 - BH—>X)exp’ (1.44)

where (0 - B _x)exp is the SM predicted cross section of a specific channel. More details about
the production cross sections and the decay of the Higgs boson are in the following sections. The
measured cross sections in the major Higgs decay channels in Run 1 and Run 2 are in good agreement
with the SM predictions.

The spin and parity of the Higgs boson have been studied through bosonic decay channels: H — yy
and H — ZZ* — 4l and H — WW* — [vlv. Several alternative hypotheses with J* = 07, 1+, 1-,
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1 The theoretical overview of the Higgs boson

2* were studied with the Run 1 data. All the alternative hypotheses are excluded at confidence levels
(CL) above 97.8% while the data are compatible with the SM [33].

1.2.2 Higgs boson production

The SM Higgs boson couples to all the quarks, charged leptons and W /Z bosons, which means the
Higgs boson can be produced through a variety of production modes. The LHC is a hadron collider
that accelerates bunches of protons to very high energy and collide them, so the Higgs boson produced
at the LHC mostly comes from hard scatterings between quarks and gluons inside the colliding protons.
Since the coupling of the Higgs boson to gluons is null at tree level and the couplings of the Higgs
boson to the light quarks (#, d) in protons are very small, the Higgs boson is not produced through
direct couplings to gluons or u, d quarks, but through the production of intermediate heavier quarks
or vector bosons.

The most abundant Higgs production mode at the LHC is the gluon-gluon fusion (ggF), it is mediated
by a top quark loop, the ggF production takes up the majority of the Higgs production modes. The
other production modes that have been observed at the LHC are vector boson fusion (VBF), associated
production with a W or Z boson (V H), associated production with a ¢z pair (1tH). The VBF production
comes from the coupling of two vector bosons and a Higgs boson, where the vector bosons are emitted
by the two colliding quarks. A key feature of this mode is that it has two forward jets with a large
angle between each other. The VH production is mediated by a vector boson W or Z, then the vector
boson radiates a Higgs boson. The #tH production produces the Higgs boson in the fusion of a ¢f
quark pair. The Feynman diagrams of these main production modes are shown in Figure 0.1.

The SM predicted cross sections of the Higgs boson production depends on mg and the colliding
energy of the quarks and gluons within protons. The quarks and gluons carry a fraction of the proton
energy. The probability distributions of the fraction, called as the parton distribution functions (PDF),
are determined from global fits to several observables measured in experiments [34]. In general,
the production cross section increase as center-of-mass energy increase, decrease as Higgs boson
mass increases. The relations of Higgs production cross section and my when /s = 13 TeV is
shown in Figure 1.4. Figure 1.5 shows the relations of Higgs production cross section and +/s when
mpy = 125 GeV. The SM predicted cross sections have been computed with a center-of-mass energy
vs = 13 TeV and my = 125.09 GeV, the results are presented in Table 1.1.

1.2.3 Higgs boson decay

The SM Higgs boson has a very short lifetime so it will decay to final states of fermions or vector
bosons. The major decay channels of the Higgs boson are H — bb, H — WW* H — ZZ* H — vy
and several other decay modes. The total decay width of the Higgs boson is the sum of the partial
width of all possible decay channels. The branching ratio (BR) of a channel is defined as the ratio of
the partial decay width and the total decay width,

I'mox

—_—. (1.45)
F}gt.

BH—>X =
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Figure 1.4: SM predicted Higgs boson production  Figure 1.5: SM predicted Higgs boson production
cross sections of the main production modes as a  cross sections of the main production modes as a
function of Higgs boson mass my when center-of-  function of center-of-mass energy +/s when Higgs
mass energy Vs = 13 TeV [35]. boson mass my = 125 GeV [35].

Production mode o [pb] percentage

ggF (pp — H) 48.61 88%
VBF (pp — qqH) 3.766 6.8%
WH (pp - WH)  1.358 2.4%

ZH (pp — ZH)  0.880 1.6%

ttH (pp — ttH)  0.507 0.9%

Table 1.1: SM predicted Higgs boson production cross sections when center-of-mass energy /s = 13 TeV, Higgs
boson mass my = 125 GeV for the main production modes [36]. The values are computed at next-to-leading
order (NLO) precision level for VBF, VH, tfH and next-to-next-leading order (NNLO) precision level for ggF.

The SM predicted branching ratio depends on the Higgs boson mass, Figure 1.6 shows the branching
ratio of several major Higgs decay channels as a function of Higgs boson mass. Table 1.2 gives a
summary of the branching ratio for the major Higgs decay channels computed with mg = 125.09 GeV.
The decays to massive weak vector bosons W, Z are suppressed as twice of the masses of these
particles exceed the Higgs boson mass, and one of the vector boson has to be off-shell. The dominant
decay channel is the decay to bb quark pairs, with its branching ratio at 58.2%. However, this channel
was not observed in Run 1 because H — bb through ggF production has an all-hadronic final state,
which makes it very difficult to be observed in the overwhelming backgrounds from QCD processes at
hadron colliders. VH production is the best option for the observation of bb decay channel at the
LHC. This thesis focus on the analysis of VH(H — bb) channel in Run 2.
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Figure 1.6: BR of the major Higgs decay channels as a function of mg [35].

Decay channel BR

bb 58.24%
wWw* 21.37%
gg 8.19%
ThrT 6.27%
cC 2.89%
zz* 2.62%
%4 0.23%
Zy 0.15%
uru 0.02%

Table 1.2: Branching ratios of the major Higgs decay channels computed with my = 125.09 GeV [36]. The
complete NLO electroweak corrections have been implemented.
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Figure 1.7: Results of H —» WW* — evuy analysis with data collected in early Run 2 by the ATLAS detector.
(a) Post-fit transverse mass distribution. (b) 68% and 95% confidence level two-dimensional likelihood contours
of oger + By sww+ Vs. ovBr - B ww+, compared to the SM prediction shown by the red marker [39].

The decay channel with the second largest branching ratio is H — WW*, where one of the W bosons
is off-shell due to the kinematic threshold. This channel was observed in Run 1 through leptonic decay
of W bosons, where the W boson decays to a charged lepton and a neutrino, with the final states of ey,
ee or pu plus neutrinos. The most challenging part of H — WW™ channel is the neutrinos in the final
state that cannot be detected. Thus the decay products cannot be completely reconstructed, which
makes it impossible to reconstruct the invariant mass of the final state. The HWW analysis used a
"transverse mass" mr calculated from transverse momentum and energy as the final discriminant. The
H — WW* signal was observed in data collected during 2011 and 2012 in Run 1, corresponding to
integrated luminosities of 25 fb~! at 4/s = 7 TeV and 8 TeV. The signal was observed by the ATLAS
experiment with a significance of 5.8 standard deviations [37]. Similar signal was observed by the
CMS experiment with a significance of 4.3 standard deviations [38]. The cross sections have been
measured more precisely with data collected in Run 2. Figure 1.7 shows the results of the published
ATLAS HWW analysis with data collected during 2015 and 2016 in early Run 2, corresponding to
integrated luminosities of 36.1 fb~! at 4/s = 13 TeV. The fiducial inclusive and differential cross
sections have been measured with full Run 2 data in the CMS HWW analysis. Figure 1.8 shows the
differential cross sections in bins of the Higgs boson transverse momentum p¥ and jet multiplicity
Njer. All the measurements agree with the SM predictions.

The other two decay channels with relatively large branching ratios are H — gg and H — 77. The
decay to gluon pairs also has an all-hadronic final state, it cannot be distinguished from the QCD
backgrounds at the LHC, so this decay mode has not been studied. For the case of H — 77, the
7-lepton can decay hadronically or leptonically. The final state of the leptonic decay contains two
neutrinos and an electron or a muon, where the neutrinos cannot be detected. Evidence for H — 771
was found in data collected in Run 1, then this channel was observed in Run 2 by the ATLAS and the
CMS experiments [41, 42].

33



1 The theoretical overview of the Higgs boson

137 b (13 TeV) 137 b (13 TeV)
% 10E cMs P ——Observed E = - CMS geF —— Observed
&) 0 VEBF — egularization E = 5 0 VEBF [Istatistical
é B ZHWH g::l::;;“:“m } 2-3— 107 WzHWH [ JExperimental 3
:‘:‘I_ | [uct [ Theoretical T B E WiH [ theoretical 3
= B Uncertziny  HH MGS_aMC@ENLO — I ==} 8 Uncerainy  HHMGs_amcanLo
% g = = i
= 1
] 10
10" = E
~ 1
10°
z 1.5[m b T =
28 z2
] 1 ©
8 - =}
z 05 ; o
5 5
& % 100 200 oo &
pH (GeV) -
(a) (b)

Figure 1.8: Observed and expected fiducial cross sections of H — WW* analysis with full Run 2 data by the
CMS detector, presented in bins of p? (left) and Ny, (right) [40].

The two decay channels with smaller branching ratio but clean final states are H — yy and H — ZZ*.
The Higgs boson has no direct coupling to photons, so the decay to photons is a loop-induced
decay mainly mediated by top quark or W boson. The main backgrounds in H — vy channel are
non-resonant background from continuum y7y production and Vyy production. The Z boson in
H — ZZ* channel can decay hadronically or leptonically, the leptonic decays of Z bosons, ZZ — 41,
where [ = e or u, provide a very clean signature in the final state. The main background in this
channel is the continuum (Z* /y*)(Z* /v*) production. These decay channels were observed in Run 1
and were used to perform measurements of Higgs boson properties due to the high resolution. The
H — ZZ* — 4l signal was observed with a significance of 8.1 standard deviations [43] and the
H — vy signal was observed with a significance of 5.2 standard deviations [44] by the ATLAS
experiment. Similar results were confirmed by the CMS experiment. H — ZZ* was observed via
the inclusive H — 4l cross section measurement [45]. H — yvy was observed with a significance
of 5.7 standard deviations [46]. Properties of the Higgs boson have been measured more precisely
with data collected in Run 2. The invariant mass distributions of the ATLAS Hyy and HZZ analyses
with Run 2 data are shown in Figure 1.9. Similar studies have been done by the CMS experiment,
Figure 1.10 shows the invariant mass distributions from the CMS Hyy and HZZ analyses with full
Run 2 data. The measured cross sections are all in agreement with the SM predictions.

Another decay channel H — c¢¢ has similar branching ratio compared to H — ZZ*, but this channel
has an all-hadronic final state, the low branching ratio and the difficulty of tagging jets originated from
charm quarks make it very challenging to study this channel. Searches for Higgs boson decaying to a
pair of charm quarks have been performed with full Run 2 data collected by the ATLAS detector [51]
and the CMS detector [52]. This decay mode has not been observed yet.

The two channels with very low branching ratios are H — Zy and H — uu. It is very challenging to
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Figure 1.9: (a) Diphoton invariant mass m,, spectrum observed in data collected in 2015 and 2016 by the
ATLAS detector with an integrated luminosity of 36.1 fo~! at Vs = 13 TeV [47]. (b) The observed and expected
four-lepton invariant mass distribution for the selected Higgs boson candidates with a constrained Z boson
mass, obtained from full Run 2 data collected by the ATLAS detector with an integrated luminosity of 139 fb™!
at /s = 13 TeV [48].
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Figure 1.10: (a) Diphoton invariant mass distribution extracted from full Run 2 data collected by the CMS
detector [49]. (b) Four-lepton invariant mass distribution of selected Higgs boson candidates with a constrained
Z boson mass, obtained from full Run 2 data collected by the CMS detector [50].
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OL 1L 2L

Figure 1.11: Feynman diagrams of VH(H — bb) processes with zero, one or two charged leptons in the final
state.

study these two channels due to the low branching ratio. Evidences for these two channels are found
in full Run 2 data collected by the ATLAS detector and the CMS detector [53-56].

1.2.4 VH(H — bb) channel

The H — bb decay channel is very important because the couplings between the Higgs boson and
fermions have to be studied in such channels, and the largest branching ratio of the bb decay channel
makes it the best option. The Hbb analysis in Run 1 was not able to confirm the existence of this decay
mode as described in Section 1.2.3. H — bb decay through ggF production has all-hadronic final
states. The preferred production mode to study this decay channel is the VH production, where the
vector boson decays leptonically. Despite the cross section of VH production one order of magnitude
lower than the ggF production cross section, the leptons in the final states enable efficient rejections
of the multi-jet backgrounds. The first evidence for the H — bb decay was found in data collected
during 2015 and 2016 corresponding to an integrated luminosity of 36.1 fb~!. The signal was found
with an observed significance of 3.5 standard deviations by the ATLAS collaboration [57], and
similar result was confirmed by the CMS collaboration with an observed significance of 3.8 standard
deviations [58]. The targeted final states contain zero, one or two charged leptons, and two b-tagged
small-R jets. Figure 1.11 shows the Feynman diagrams of the three sub-channels in VH(bb) analysis.
This analysis strategy is referred to as the "resolved". It mainly targets low to medium Higgs boson
transverse momentum (pt) phase space, where the two b-jets from the decay of the Higgs boson can
be separated clearly. With the high quality data collected in Run 2 from 2015 to 2018 corresponding
to an integrated luminosity of 139 fb~!, the VH(bb) resolved analysis is updated. The production of
VH(bb) signal is observed with a significance of over 5 standard deviations [59].

The other analysis strategy that mainly targets medium to high Higgs pt phase space is developed
in parallel of the VH(bb) resolved analysis. The angle between the two b-jets from the decay of the

Higgs boson can be approximate as:
2
AR ~ M (1.46)
Pr
where mp is the Higgs boson mass, pr is the Higgs boson transverse momentum. For myg = 125 GeV,
the angle between the two b-jets decreases as the pr of the Higgs boson increases. Eventually the two

b-jets are reconstructed as a large-R jet. This analysis strategy is referred to as the "boosted". The
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Figure 1.12: Normalized distributions of p‘T/ for ZH and W H production with the leptonic decay of the vector
boson [60], impacted by the most relevant EFT operators described in Section 1.3.2. High pr regions are more
sensitive to potential anomalous couplings.

VH(bb) boosted analysis is able to explore very high Higgs boson pr phase space that has not been
studied in the resolved analysis. The high pt regions are more sensitive to anomalous couplings as
shown in Figure 1.12, which means it has greater potential to reveal new physics.

The VH(bb) analysis is categorized based on the vector boson transverse momentum p‘T/, this variable
should be roughly the same in value as the Higgs boson pt because the vector sum of transverse
momentum of all the decay products should be very small. The resolved strategy is applicable
in regions below 400 GeV, and the boosted strategy is applicable in regions above 250 GeV. The
medium p‘T/ region (250-400 GeV) can be studied with both the resolved and the boosted approaches.
Combinations of the two analyses have been studied to design one coherent, harmonized approach to
extract VH(bb) results, referred to as the legacy analysis.

1.3 Beyond the Standard Model

The SM has been very successfully tested in experiments. The results from LHC experiments agree
very well with the SM predictions. However, the SM still has limitations. Several phenomena observed
in other experiments cannot be explained by the SM. First, the SM only includes three of the four
fundamental interactions. The gravity cannot be explained by the SM. Second, many lines of evidence
from astronomy suggest the possible existence of dark matter and dark energy, which makes up
95% of the universe. The dark matter and dark energy are not included in the SM. Third, several
neutrino oscillation experiments have shown three generations of neutrinos do have masses, which is
not compatible with the SM. Several other phenomena also indicate the SM is not sufficient. The
efforts to study these beyond the Standard Model (BSM) phenomena by extending the SM Lagrangian
come in two different ways. One is to construct a Lagrangian based on a specific model. Many
models (like SUSY) constructed through extending the SM with new particles and symmetries are
introduced to explain some of the BSM phenomena. The other is an effective field theory (EFT) [61].
It constructs a Lagrangian by adding higher order terms to the SM Lagrangian. This approach is model
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independent. The measured cross sections can be presented with a common framework adopted by
the LHC experiments, the Simplified Template Cross Section (STXS) framework, to test the EFT.

1.3.1 Simplified Template Cross Sections

Many measurements of the Higgs boson in Run 1 resulted in the measured signal strength, which is the
parameter of interest (POI) of the maximum profile likelihood fit. Given the increased statistics of data
collected in Run 2, the signal strength can be can be measured more precisely, to probe the production
and decay rate of the Higgs boson in more details. The STXS framework [62] was developed for
such measurements. In this framework, the cross sections of given channels are measured in various
kinematic regions, called as the STXS bins. The STXS framework allows simple combination
between measurements from different channels, and also reduces the theoretical uncertainties as the
uncertainties are directly folded into the measurements. Thus, this framework has become the common
framework adopted by LHC experiments for Higgs measurements, available in all major Higgs decay
channels. The STXS measurements can then be used as inputs to subsequent interpretations in and
beyond the Standard Model, including

* the determination of overall signal strengths or coupling scale factors,
* fitting to a set of EFT coefficients,
* tests of a specific BSM model.

The STXS bins are defined in mutually exclusive phase space. The kinematic cuts used to define the
bins are abstracted and simplified compared to the actual cuts used in the individual analysis of a
Higgs decay channel. The definitions of STXS bins are common for all the Higgs decay channels with
a specific production mode, as the SM Higgs production process serves as the kinematic templates.
The simplified kinematic cuts allow the combination of measurements from different decay channels,
which is one of the key features of the STXS measurements. The definitions of STXS bins are set
to be close to typical event selections in the analyses, or more generally, the kinematic regions that
dominate the sensitivity. The goals of the definition of a set of STXS bins for a specific production
mode are to

* minimize the dependence on theoretical uncertainties that are folded into the measurements,

* maximize the experimental sensitivity by making the definitions as close as possible to the
event selection in the specific analysis,

* isolate possible BSM effects to be interpreted using EFT model or a specific BSM model,

* limit the number of bins at a manageable level for matching with the experimental sensitivity
and practical implementation.

The measurements of cross sections are unfolded into the STXS bins to be compared with the
theoretical predictions. The theoretical predictions in the STXS bins are from either calculations or
MC simulations to predict the number of entries (cross sections) in every STXS bin at truth level,
which means using event information at generator level to decide the STXS bin assigned to this event.
Several kinematic cuts common to all the bins are applied. For the Higgs boson, a cut on rapidity is
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Figure 1.13: Definition of the STXS bins with the maximum splitting, cuts on truth p‘T/ are in GeV. The main
splitting merged all the ZH categories and no split on the number of additional small-R jets is applied.

applied, |Yg| < 2.5. The vector bosons are defined from the sum of all their decay products including
neutrinos. The truth jets are small-R jets reconstructed from truth particles. A pt threshold requiring
pt > 30 GeV is applied to all the truth small-R jets. For VH production mode, it is first separated to
three categories:

qq — W(v)H, qq — Z(ll/vv)H, gg — Z(ll/vv)H. (1.47)

Each category is then split into five bins based on transverse momentum of the vector boson (p‘T’ ),
with the boundaries at 75, 150, 250 and 400 GeV. Each p,‘r/ bin can then be divided based on number
of additional jets. "Additional" means small-R jets with pt > 30 GeV that are not from the decay
of the Higgs boson. Three bins with zero additional small-R jet, one additional small-R jet and at
least two additional small-R jets are defined. The splitting of the STXS bins for VH production is
shown in Figure 1.13. This way of splitting is to provide a high flexibility in the choice of the bins
to measure. The splitting actually used in STXS measurement for boosted V H(bb) analysis merged
several categories for practical implementation due to the limited statistics. This set of splitting is
called as the main splitting, with only WH and ZH categories, and no split on the number of additional
small-R jets.

The expected signal events in each STXS bins are estimated using simulated signal samples with
truth level information, the estimation is performed in every reconstructed event category for VH(bb)
analysis. The measured cross sections are extracted from multi-POI fits to data, where the cross
section in every STXS bin is a STXS-POL

39



1 The theoretical overview of the Higgs boson
1.3.2 Effective Field theories

The SM Lagrangian is constructed from dimension-4 operators. From the EFT point of view, the
SM is a low energy approximation of a more generic model. The SM itself is an effective theory
which is applicable up to a certain energy scale A. The field theory above this energy scale should
preserve the gauge symmetry of the SM. All the SM elementary particles and interactions should be
included, and the theory should reduce to the SM at low energies. Based on principle of least action
Eq. 1.1, any Lagrangian have to be dimension-4 because the time-space integral of the Lagrangian is
dimensionless. The higher dimension-d operators added to the Lagrangian have to be suppressed by
d — 4 powers of the scale A, to keep the whole term still being dimension-4. The SM EFT Lagrangian

can be written as:
d)

(
C.
Lerr = Low+ ), ) 50" (1.48)

d=5 i

where Ofd) are higher dimensional operators which are invariant under SU(3)c ® SU(2)L ® U(1)y

local gauge symmetry, and cl(.d) are free parameters called Wilson coefficients that are constrained by
experiments. Dimension-5 operators contain operators that violate lepton number and give rise to
mass terms for the left-handed neutrinos, so the scale A that suppresses the dimension-5 operator
would be much larger than that suppresses the dimension-6. The same happens with dimension-7, all
the dimension-7 operators violate lepton number, some also violate baryon number. The leading order
higher dimension operators are dimension-6. Dimension-8 operators could have comparable impacts
through the interference between the SM. Operators with higher dimension (d > 9) are suppressed
with a larger power of A, so their contribution is negligible. The EFT Lagrangian most likely to have
observable effects then becomes:

© oo
Lerr = Lsu+ . ﬁq@ > ﬁol@. (1.49)
14 l
Only dimension-6 operators are considered for simplicity. The operator O® can be constructed
using a complete, non-redundant set, the so-called basis. Several methods of construction have been
developed. The choice of basis does not need to be unique. Any complete basis will lead to the
same physics results. The basis used to present the results in the VH(bb) analysis in this thesis is the
Warsaw basis [01].

The measurement of cross sections in the STXS framework can be related to the Wilson coefficients.
The cross section of EFT model can be expressed as the following form for convenience,

OEFT = OSM + CTint + OBSM, (1.50)

where oy is the cross section computed with just the SM, oy arises from the interference between
the SM and BSM processes, ogsy comes from just BSM processes. The ratio of the cross section can
be expressed with the Wilson coefficients:

OEFT
— =1+ Ajci + B;icici, 1.51
oM Z iCi ; ijCiCj ( )
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where A; and B;; are coefficients derived from the following definitions,

Tint OBSM
== AiCi , —— = Bi'CiC', 1.52
J=r=]
OsM 7 Osm i

they can be calculated for each region in the STXS measurement using Monte Carlo (MC) simula-
tions [63].

The partial decay width of the Higgs boson to a given final state can be parametrized in the same way,

Terr
T —1+Zalcl+z,8,]clc], (1.53)
where a; and B;; are coefficients derived from:
FBSM
rspi = Z aic; | Z,: Bijcic;. (1.54)

these coefficients are also calculated from MC simulations [63].

The cross section of VH(bb) process is:

TvH(H—bb) = OVH * B _pp> (1.55)

with the branching ratio of H — bb derived from:

l'*bl;
H

BH—)I)E = m. (156)
H

Therefore, given the production cross section and the decay width of the Higgs boson parametrized
with the Wilson coefficients, the cross section in each region in the STXS measurement can also be
parameterized with the Wilson coefficients.
bb
OEFT FT / I'g
tot. tot :
F e/ Lsn

(ovH - By _p5)ErT = (OvH - By _pi;)sM - (1.57)

Among the operators in the full Warsaw basis, only 17 operators have effects on VH(bb) process at
leading-order (LO), four of which only affect H — bb decay. The operators and their corresponding
Wilson coefficients are listed in Table 1.3.
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Wilson coefficient | Operator Impact
CHbox (H'H)a(H'H) ZH, WH
CHDD (H'D*H)*(H'D,H) | ZH,WH
CHW HTHW] Wi ZH, WH
CHB HTHBWBI“’ ZH
CHWB H't! HW], B ZH
CHG H'HG G riot

|cen | (H'H)(I,e, H) It
lcun| (H'H)(gpu,H) riot
lcan| (H'H)(gpd,H) rbb

il H'iD H(",) | ZH

"S; HTi(B)/IlH(l_pTl'yﬂlr) ZH,WH
. H''D H(éyy e,) | ZH

CHe ! wlitepy=éey,

e YD W H@Gpy',) | ZH

Hgq wii\gpY= dr

6(3) HTZ'?IH(— I gy ) | zH, WH
Hq u QP y Qr s

) HYi'D ,H(ii,y* ZH

Hu H pY ”r)

e H'iD H(dy d,) | ZH

Hd ptildpy™dy

Cgll) (l_pyylr)(l_s'yulz) ZH,WH

Table 1.3: Operators that have effects on gg — V(leptons)H(— bb) process at LO in the Warsaw basis [60].
The "box" operator is the Laplacian of D,,. The operators [, [, and g,,, g, are three generations of left-handed
leptons and quarks, with p,7 = 1,2,3 to denote the generations. The operators ey (), Up(r), dp(r) are three
generations of right-handed leptons, up-type quarks and down-type quarks, respectively. The derivative

— = R oot — £ 50 R =
D, and D, are defined as: H'i D ,H = iH (D,,—D,,)H,H iD,H =iH' (T D, - Dyt )H, where

HY Eﬂ H = (D,,H )TH , H is the Higgs field, 7! are the Pauli matrices, and D,, is the covariant derivative of the

SU(2) ® U(1) transformation.
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2 The Large Hadron Collider and the ATLAS
experiment

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [4] is a proton and heavy ion accelerator located at CERN. It is
built in a tunnel approximately 100 m underground, with a circumference of 27 km. The LHC is
the last ring in a complex chain of particle accelerators. The structure of the accelerator complex is
shown in Figure 2.1. The process of acceleration starts from a linear accelerator called LINAC 2.
The protons are produced from hydrogen gas. An electric field is added to strip the electron from the
hydrogen atoms to produce protons. The protons are then injected into LINAC 2, and accelerated
to 50 MeV. The beam of proton is then injected into a circular accelerator called Booster, which
accelerates the protons to 1.4 GeV. After that, the beam is injected into the Proton Synchroton (PS),
which accelerates the protons to 25 GeV. Then the beam is injected into the Super Proton Synchroton
(SPS), which accelerates the protons to 450 GeV. Finally, the protons are injected into the LHC, and
are accelerated to the final energy.

The LHC is operated in an ultra high vacuum environment. It uses 1232 superconducting dipole
magnets to keep the beams in their circular paths, the magnets provide fields up to 8.3 T. Additionally,
392 quadrupole magnets are installed to focus the beams. The LHC consists of two separate beam
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Figure 2.1: Structure of the complex chain of particle accelerators at CERN [64].
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pipes, each contains a beam of protons. The beams travel in opposite directions and collide at the four
interaction points (IP). The detectors are built around these IPs. The major experiments at each IP of
the LHC are ATLAS, CMS, ALICE and LHCb. The ATLAS detector and the CMS detector are two
general purpose detectors designed with similar scientific goals. They can be used to study a wide
range of physics including precision tests of the SM and search for BSM phenomena. The ALICE
detector is designed to study heavy ion physics. The LHCb detector is a specialized detector designed
to study flavor physics.

The LHC is designed with a center-of-mass collision energy +/s up to 14 TeV, corresponding to a
magnetic field of 8.33 T. The protons are accelerated to half of the collision energy in bunches. Each
bunch contains up to 10'! protons. The two beams are separated in different beam pipes. The only
common sections are around the interaction points, where the beams share an approximately 38 m
long beam pipe in the ATLAS experimental area. The space between bunches are kept at 7.5 m. For
protons travel at close to the speed of light, the collisions take place every 25 ns. The separation on
time between bunches is called as the bunch spacing. The LHC ring can accommodate 2808 bunches
for each proton beam. The instantaneous luminosity of a particle physics experiment is defined as:

ANevent [57'] = process[cm?] - L [s™'em™], 2.1)

where ANeyen is the number of events generated in the experiment per second for a process, and oprocess
is the cross section of this process. The luminosity of the LHC only depends on beam parameters. It
can be parameterized as:
I = N, gnhfrevy
C dme,pr

where Nj, is the number of protons per bunch, n is the number of bunches per beam, f.y is the
revolution frequency, y is the relativistic Lorentz boost factor, &, is the normalized transverse beam
emittance, 8* is the beta function at the collision point, and F is the geometrical luminosity reduction
factor due to the crossing angle (2 x 120 prad) at the interaction point. The maximum designed
luminosity of the LHC is up to 10°* s=! cm™2. The side effects of the high luminosity are pile-ups,
which means every bunch crossing contains a large number of proton-proton interactions, and the
interaction can be affected by previous or later bunch crossings due to the slower detector response.
The first one is described by the number of primary vertices, Npy. The second one is described by
the mean number of pp interactions per bunch crossing, ().

(2.2)

Up to now, the LHC has delivered proton-proton collisions at center-of-mass energies of 7 TeV, 8 TeV
and 13 TeV. The first LHC run was from 2010 to 2012, the so-called Run 1. During 2011, the LHC
was operated to accelerate the protons to 3.5 TeV, with a center-of-mass energy at 7 TeV. In 2012, the
beam energy was increased to 4 TeV, with a center-of-mass energy at 8 TeV. The bunch spacing of
LHC Run 1 is 50 ns, and the number of bunches is 1380. The LHC delivered an integrated luminosity
of 5.46 fb~! for /s = 7 TeV, and 22.8 fb~! for v/s = 8 TeV. The ATLAS detector recorded 5.08 fb~!
and 21.3 fb~!, among which 4.57 fb~! and 20.3 fb~! are good for physics studies. After Run 1, the
LHC was shut down for upgrades to improve the accelerator reliability and detector performance. In
2015, the second LHC run started. The LHC Run 2 was from 2015 to 2018, with a center-of-mass
energy at 13 TeV. The bunch spacing is reduced to 25 ns, with almost doubled number of bunches.
During Run 2, the LHC delivered an integrated luminosity of 156 fb~'. The ATLAS detector recorded
147 fb!, among which 139 fb~! are good for physics studies. Figure 2.2 shows the cumulative
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Years center-of-mass energy delivered luminosity ()  bunch spacing

2011 7 TeV 5.46 tb~! 9.1 50 ns
2012 8 TeV 22.8 fb~! 20.7 50 ns
2015 13 TeV 4.2 fb! 13.7 25 ns
2016 13 TeV 38.5 fb! 24.9 25 ns
2017 13 TeV 50.2 fb~! 37.8 25 ns
2018 13 TeV 63.3 fb~! 36.1 25 ns

Table 2.1: Summary of center-of mass energy, integrated luminosity delivered by the LHC, out-of-time pile-up
(u) and bunch spacing for the years with stable beams for proton-proton collisions [65].

luminosity versus time delivered by the LHC during the years with stable beams for proton-proton
collision. Figure 2.3 shows the cumulative luminosity delivered by the LHC, recorded by the ATLAS
detector, and certified to be good quality data in Run 2. Table 2.1 gives a summary of the luminosities,
pile-up and bunch spacing during Run 1 and Run 2.
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Figure 2.3: Integrated luminosity delivered by the
LHC (green), recorded by the ATLAS detector (yel-
low) and certified to be good quality data (blue) in
Run 2 [65].

Figure 2.2: Integrated luminosity versus time delivered
to ATLAS during the years with stable beams for
proton-proton collisions [65].

2.2 The ATLAS experiment

The ATLAS detector is the largest detector at the LHC. It has a cylindrical geometry around the beam
pipe. The detector is 44 m long, with a diameter of 25 m. A schematic view of the ATLAS detector is
shown in Figure 2.4. The ATLAS detector contains several sub-detectors to provide measurements of
different kinds of particles. In general, the sub-detectors are composed of a barrel region and two
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Figure 2.4: Cut-away view of the ATLAS detector.

forward/end-cap regions that are cylindrically symmetric around the beam pipe, covering the full solid
angle of almost 4. The sub-detector systems from the inner-most layer to the outer-most layer are:

* the Inner Detector, measures the trajectories and momenta of charged particles.

* the Calorimeter, including a Liquid Argon Calorimeter and a Tile Calorimeter, measures the
energy of electrons, photons and hadrons.

* the Muon Spectrometer, measures tracks and momentum of muons.

The ATLAS detector also has a magnet system to provide magnetic fields for measurements of charged
particle tracks. The ATLAS trigger and data acquisition system is developed to select events of interest
for physics studies.

2.2.1 The coordinates and magnet system

The ATLAS detector uses a right-handed coordinate system. The interaction point (IP) is defined as
the origin of the coordinate system. The z-axis is defined along the direction of the beam at the IP.
The x-y plane is perpendicular to the beam. The x-axis points to the center of the LHC ring, and the
y-axis points upwards. The coordinates commonly used to describe the position of the objects are the
azimuthal angle ¢ and the pseudorapidity n. The pseudorapidity is defined from the polar angle 6,

n=-In (tan g) . 2.3)

The absolute value of this variable is mirror-symmetric about the x-y plane. Its value ranges from
minus infinite to infinite, with 7 — +oo along the beam and 7 = 0 on the x-y plane. The real rapidity Y
is also used in some cases, the pseudorapidity is more widely used because it is easier to be measured
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Figure 2.5: Geometry of the ATLAS magnet system: Central Solenoid Magnet (blue), Barrel Toroid (red),
End-cap Toroids (green) [69].

and it is a geometric quantity independent from the particle. The angular distance between two objects
in the ATLAS coordinate is defined as

ARy = N0 = 6,7 + (i = (24)

where ¢;, ¢; are the azimuthal angle of the two objects, 1;, n; are the pseudorapidity of the two
objects.

The transverse momentum pr is defined as the transverse component of a momentum vector. It is a
very useful quantity for physics studies at the LHC. The colliding quarks and gluons only carry a
fraction of the center-of-mass colliding energy, so the longitudinal component of the momenta of the
original state is unknown. However, the transverse component of the momenta of the original state is
very small. It can be approximated as zero compared to the energy of a hard scattering object. That is,
the sum of the pt of the final state objects should be zero. Missing transverse momentum E%niss is
defined as the imbalanced momentum in the transverse plane,

ENS = - Z P, 2.5)

where the sum runs over all the transverse momentum of detected objects. E%"iss is very useful for
studying final states with neutrinos because neutrinos are invisible to the detector. Given the sum of
pr of the final state objects equals to zero, ET"™ can be approximated as pr of the neutrinos.

The ATLAS magnet system contains two types of superconducting magnets, solenoidal and toroidal.
The main sections are Central Solenoid Magnet [66], Barrel Toroid [67] and End-cap Toroids [68].
The solenoid magnet surrounds the inner detector to provide magnetic field for charged particle
momentum measurements. The magnet is 5.6 m long, 2.56 m in diameter. It provides a 2 T magnetic
field in just 4.5 cm thickness. The toroids use a series of eight coils to provide a 3.5 T magnetic field
for momentum measurements of muons. Two toroids are at the end-caps of the muon detector, and
one massive toroid surrounds the center of the ATLAS detector. The central toroid is 25.3 m in length,
making it the largest toroidal magnet ever constructed. The end-cap toroids are 10.7 m in diameter.
Figure 2.5 shows a sketch of the ATLAS magnet system.
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Figure 2.6: Structure of different layers of the ID. From the inside to the outside there are the IBL, the Pixel
Detector, the SCT and the TRT [72].

2.2.2 Inner Detector

The Inner detector (ID) [70-72] is the closest sub-detector to the beam pipe. It is designed to measure
tracks of the charged particles and vertices in the collisions with high resolution. The whole ID is
immersed in the 2 T magnetic field generated by the central solenoid magnet, so the detector can
measure the momenta and charge of the particle by bending their trajectories.

Given the very large track density at the LHC, the ID has to be constructed from fine-granularity
detectors to achieve the high resolution measurements. The silicon detectors using pixel and microstrip
technology offer these features. The ID comprises three types of detectors, moving from the inside
to the outside there are the Pixel Detector, the Semi-Conductor Tracker (SCT), and the Transition
Radiation Tracker (TRT). During the shutdown after Run 1, the Insertable B-Layer (IBL) was
constructed, inserted and commissioned to become an additional (innermost) layer of the existing
Pixel Detector. Figure 2.6 shows the structure of the ID.

Pixel Detector

The original pixel detector [73] had three silicon pixel layers, the B-Layer, Layer 1 and Layer 2,
covering radial distances between 50.5 mm and 150 mm. During the long shutdown between Run 1
and Run 2, the IBL [74] was installed between the B-Layer of the original pixel detector and the new
beam pipe with smaller radius. It becomes the detector closest to the beam, with radial distance at
33.25 mm. The IBL consists of high resolution pixel sensors, providing a coverage of || < 3.0. The
pixel sensors have a pixel size of 50 x 250 um? in the IBL, the longer side being along the z-axis. The
sensors are inclined in azimuth by 14° to achieve an overlap of the active area. The other layers are
consisted of pixel sensors with a pixel size of 50 x 400 um?. The pixel sensors are arranged in three
barrel layers and three disks for each end-cap, providing an acceptance range of || < 2.5. The hit
position resolution of the pixel sensors is about 10 pm in the transverse direction, and 67 um in the
longitudinal direction for the IBL [75], 115 um in the longitudinal direction for other layers [76].
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The upgraded pixel detector has improved performance. The additional layer with smaller pixel
cell length provides high-precision hits closer to the interaction points, particularly important for
improving the resolution of low pt particles and vertex reconstruction. The enhanced primary and
secondary vertex reconstruction can also improve the performance of b-tagging, which is important
for VH(bb) analysis.

SCT

The SCT is a silicon microstrip detector surrounding the pixel detector. This detector is designed to
measure tracks in the intermediate region within radial distances from 299 mm to 560 mm. The barrel
and the end-caps provide a coverage of || < 2.5. The silicon microstrips are arranged in four layers of
concentric barrels and two end-caps with nine wheels each. This arrangement provides typical eight
strip measurements (four space points) for tracks. In the barrel region, the strips are approximately
parallel to the beam axis, and have a size of 80 um x 12.8 cm. Each layer of the concentric barrel is
composed of two sets of identical sensors, the second set is glued back-to-back with the first set at a
stereo angle of 40 mrad to provide longitudinal space points. The barrel layers are placed at radial
distance of 30 cm, 37 cm, 44 cm and 51 cm from the beam axis. The modules on the nine end-cap
wheels are all trapezoidal in shape but different in size. The end-cap region requires four types of
module size to provide full coverage. The modules are placed on three rings on each disk: the inner
ring, the middle ring and the outer ring. The outermost disk only has its outer ring populated with
modules. The microstrips have a hit position resolution of 17 pum in the transverse direction, and
580 um in the longitudinal direction [76].

TRT

The TRT is the outermost sub-detector of the three tracking system of the ID. It is designed for electron
identification as well as continuous tracking of charged particles. The detector contains nearly 300000
proportional drift tubes (straws) filled with gas mixture with xenon (70% Xe, 27% CO, 3% O;). The
straws in the barrel region are 4 mm in diameter, 150 cm in length, arranged in three cylindrical layers
and 32 ¢ sectors. The straws in the end-cap regions are 40 cm long, arranged perpendicularly to the
beam line. The sensitive volume covers radius distances between 0.5 m to 1.1 m and pseudorapidity
ranges of || < 2.0. The hit position resolution of the straws is about 120 um, not as good as the
silicon detectors. However, the large number of tubes provide an average of 30 space points for a
track, making the momentum resolution of TRT competitive with that of the silicon detectors.

The space between the straws are filled with polymer fibers or foils, highly relativistic charged particles
create transition radiation when they pass through a material boundary. The effects of transition
radiation depend on the relativistic factor y = E/m, so the effects are much stronger for electrons
than other particles like pions. The X-ray photons generated by the electrons are absorbed by the Xe
atoms in the tubes, leading to significantly higher readout. Thus the TRT can be used to discriminate
electrons and hadrons.
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Figure 2.7: Cutaway view of the ATLAS calorimeter system.

With all the modulars combined, the ID is able to measure the tracks of charged particles precisely. The
momentum and charge of the particles can be determined from the trajectories. Track reconstruction
performance of the ID have been evaluated using Run 2 data and cosmic ray muons [77, 78]. For a
particle with transverse momentum pr, the resolution of pr is

O-I’T
L =0.05% |pr (GeV)| @ 1%. (2.6)
PT

The resolution of the transverse impact parameter dy is around 20 pm, dy is defined as the shortest
distance between a track and the beam line in the transverse plane. More details about track
reconstruction performance are described in Section 3.1.

2.2.3 Calorimeters

The ATLAS calorimeter system is designed to measure the energy of particles except muons and
neutrinos. The system is composed of two types of detectors, the Liquid Argon (LAr) calorimeter [79]
and the Tile hadronic calorimeter [80]. The LAr calorimeter technology is used to measure the
energy of electromagnetic (EM) showers as well as hadronic showers. The Tile calorimeter measures
the energy of hadronic particles which do not deposit all the energies in the LAr calorimeter. The
calorimeter system is illustrated in Figure 2.7.

Liquid Argon calorimeter

The Liquid Argon (LAr) calorimeter surrounds the Inner detector. It is a sampling detector consisting
of layers of metal (tungsten, copper or lead), with liquid argon between the layers as the sensing
element. The incoming high energy particles are absorbed by the metal layers and covert into a shower
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of lower energy particles. These particles ionize the liquid argon, producing an electric current that is
measured. The lead-LAr calorimeter is used for EM shower measurements. The copper-LAr and
tungsten-LAr calorimeter is used for hadronic shower measurements.

The electromagnetic showers are initiated by high energy electrons through Bremsstrahlung and
photons through pair creation. Low energy electrons lose energy mainly through ionization and low
energy photons progressively lose energy through Compton scattering. Electrons and photons are the
sole components of the showers. The development of the EM shower is parameterized with radiation
length (Xp). The electromagnetic part of the calorimeter is consisted of the lead-LAr electromagnetic
barrel (EMB) and the two lead-LAr electromagnetic end-caps (EMEC).

The barrel of the LAr calorimeter is 6.8 m long, with an outer radius of 2 m, and an inner radius of
1.4 m, covering || < 1.475. It contains three sampling layers, as shown in Figure 2.8. The first layer
is consisted of fine-grained strips with a very fine longitudinal segmentation A X A¢ = 0.003 x 0.1,
which is ideal for precise measurements of electrons and photons. The second layer collects the largest
fraction of the electromagnetic shower with its 17 X depth. The dimension of the cells in this layer is
An X A¢ = 0.025 x 0.025. The third layer collects the tail of the electromagnetic shower, with a cell
size of A X A¢ = 0.05 x 0.025. In addition to the sampling layers, the EMB has a presampler to
correct for the energy lost in front of the calorimeter, covering |7| < 1.52.

The EMEC is 63 cm thick, with a radius of 2.077 m, providing an acceptance range of 1.375 < || < 3.2.
It also has three sampling layers similar to the barrel region, and a presampler covering 1.5 < |n| < 1.8.
Beyond a pseudorapidity of 1.8, the presampler is no longer needed given the limited amount of
dead material and the higher energy of particles. The total active thickness of the electromagnetic
calorimeter ranges between 22 X, and 33 X in the barrel region, and between 24 X, and 38 Xj in the
end-cap regions.

The hadronic showers are initiated by hadrons through strong and electromagnetic interactions. It
always has a mixed electromagnetic component. The showers contain a large variety of particles. The
development of the shower is described by the nuclear interaction lengths (1). The hadronic part of
the LAr calorimeter consists of two copper-LAr end-caps and the forward calorimeters. Each of the
hadronic end-caps (HEC) contains two wheels that are 0.8 m and 1.0 m thick, with outer radius of
2.03 m, providing an acceptance range of 1.5 < || < 3.2. Each wheel is composed of two sampling
layers, giving a total of four layers per end-cap for the HEC.

The forward calorimeter (FCal) has three layers with thickness of 0.45 m and radius of 0.455 m
each. The first layer is instrumented with copper-LAr calorimeters. It is used for electromagnetic
energy measurement, the thickness of this module corresponds to 28 X. The other two module, made
of tungsten-LAr calorimeters, are used for hadronic energy measurement. The thickness of these
two modules corresponds to 180 Xy or 2.7 A. The FCal provides an acceptance range of 3.1 < || < 4.9.

Tile hadronic calorimeter

The Tile hadronic calorimeter [81] surrounds the LAr calorimeter. It provides precise measurements
of jets, hadrons, taus and E%‘iss. The calorimeter is divided in three sections, the long central barrel
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Figure 2.8: Sketch of the calorimeter layers [79].

that covers |n7| < 1.0 and the two extended barrels that cover 0.8 < || < 1.7. Each cylinder contains
64 modules, these modules are sampling detectors using steel as the absorber and scintillating tiles as
the sensing element. Figure 2.9 is a schematic drawing of the mechanical assembly and the readout of
a module.

The central barrel is 5.8 m in length, the two extended barrels are on the sides of the central barrel,
each 2.6 m long. The detector has an inner radius of 2.28 m and an outer radius of 4.25 m. The
calorimeter consists of three radial layers, with depths of 1.5, 4.1, 1.8 A for the barrel, and 1.5, 2.6,
3.3 A for the end-caps. The size of the cells for the first two layers is Anp X A¢ = 0.1 x 0.1, for the third
layer is Anp X A¢ = 0.2 x 0.1. The scintillating tiles are placed perpendicular to the colliding beams
and are radially staggered in depth. The signal is read-out by wave-length shifting fibers installed on
both sides of a module, and delivered to photo-multipliers (PMTs) located at the outermost side of the
calorimeter.

The performance of the calorimeter has direct effects on the reconstruction of physics objects. Good
energy resolution is essential for the precise measurements of jets and E™*. The energy resolution of
a sampling calorimeter can be parameterized as

JE = a 57 b @ c
E  \E(Gev) E(Gev) ~

where a is the stochastic term that describes the statistical fluctuations of the shower, b is the noise
term accounts for the electronic noise of the detector system, c is a constant that takes into account

Q2.7)
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Figure 2.9: Sketch of the mechanical assembly and the readout of Tile Calorimeter modules [82].

the non-uniformity of the calorimeter like non-perfect alignment. The energy resolution of the
sub-modules! are studied in test beam experiments using electrons and pions. The resolution of EMB
and EMEC for electrons is

OE 10% 0.17

- m @ E (GeV) ® 0.7%. (2.8)
The resolution of Tile calorimeter and HEC for pions is
o5 /E = 50%/E (GeV) & 6%. (2.9)
The resolution of the forward calorimeter for pions is
o /E = 100%/+/E (GeV) & 10%. (2.10)

This level of precision guarantees good sensitivity for measurements of physics processes at the TeV
scale.

2.2.4 Muon Spectrometers

The ATLAS Muon Spectrometer (MS) [83] is designed to measure the muon momenta and provide
fast signal for muon trigger. The MS surrounds the calorimeter and it is the outermost sub-detector of
the ATLAS detector. It measures the muon momenta by bending the muon trajectories with magnetic

! Numbers taken from Ref. [79], [80].
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Figure 2.10: Cut-away view of the ATLAS Muon Spectrometer.

field generated by the toroids. To measure muon tracks with high precision and provide fast signal for
triggering, the muon detector is instrumented with four types of detectors. The Monitored Drift Tubes
(MDT) and the Cathode Strip Chambers (CSC) provide precision measurement of muon tracks, the
Resistive Plate Chambers (RPC) and the Thin Gap Chambers (TGC) provide fast signal for the muon
trigger system. Figure 2.10 shows the cut-away view of the MS.

The MS has a barrel region and two end-cap regions. In the barrel region, the MDT chambers are
arranged in three cylindrical layers around the z-axis, at radial distance of approximately 5 m, 7.5 m
and 10 m from the beam axis. The inner, middle and outer barrel layers are labeled as BIL/BIS,
BML/BMS and BOL/BOS respectively. In the end-cap regions, there are four layers of MDT chambers,
placed at distances of approximately 7 m, 11 m, 14 m and 21 m from the interaction point along the
z-axis. The end-cap layers are labeled as inner (EIL/EIS), extra (EEL/EES), middle (EML/EMS) and
outer (EOL/EOS). In the innermost end-cap region, CSC chambers are used because of their capability
to cope with higher background rates. The RPC chambers are used for the muon trigger system in the
barrel region, and the TGC chambers are used in the end-cap regions. Schematic drawings of the MS
after LS1 (Run 2) are shown in Figure 2.11 and Figure 2.12.

The MDT chambers are deployed for most of the acceptance range, covering || < 2.7 except in the
innermost end-cap, where the acceptance range is |n7| < 2.0. CSC chambers are used to cover the
larger pseudorapidity region 2.0 < || < 2.7 in this layer. The MDT chambers are composed of two
multi-layers, each formed by three or four layers of drift tubes. The gas mixture used is 93% Ar and
7% CO, with a small admixture of water vapor. The average space resolution obtained with a single
tube is 80 um, and with a multi-layer is about 50 um. The CSC chambers are multi-wire proportional
chambers with cathode strip read out. The gas mixture used in CSC is 80% Ar and 20% CO,. Typical
resolution obtained with this read out scheme is about 50 um [85].

54



2.2 The ATLAS experiment

Resistive plate chambers
MDT chambers |

A

I

_ Barrel toroid
< Coils

Small sector

-«— Large sector

Calorimeters

Figure 2.11: Schematic view of the ATLAS Muon Spectrometer in the x-y plane, transverse to the beam
axis [84].

There are three layers of RPC chambers in the barrel region covering || < 1.05. Two layers of RPC
chambers are installed on the sides of the BML MDT chambers to provide a low p trigger signal. The
other layer is installed on the outer-side of the BOL MDT chamber, providing a high pr trigger. The
RPC chambers cover the barrel region with an acceptance range of || < 1.05. Each RPC chamber
consists of two parallel Bakelite plates, the gap in-between is filled with gas mixture of 94.7% C,H,F4,
5% C4H;0 and 0.3% SF¢. The RPCs have a time resolution of about 1 ns. In the end-cap regions, two
TGC doublets, one TGC triplet and an additional inner TGC layer are installed, giving a total of 3-4
layers of TGC chambers. The doublets are placed close to the outer-side of the EML MDT chambers,
providing the low pr trigger. The triplet is installed on the inner-side of the EML MDT chambers to
provide the high pr trigger signal. The inner TGC layer (TGC-FI) is placed on the inner-side of the
EIL MDT chambers, close to the Tile calorimeter end-caps, to reject particles not originating from the
interaction point. The TGC chambers cover the region 1.05 < |5| < 2.4. The TGCs are multi-wire
proportional chambers using 55% CO, and 45% n-pentane gas mixture, the time resolution is about
4 ns. The RPCs and TGCs also measure the coordinate of muons along the MDT wires.

The muon tracks can be reconstructed from the ID and the MS. The resolution of muon pt measured
in the MS is -
L = 0.02%|pr (GeV)| ® 3.8%. 2.11)
Pr

When combined with the ID, the muon pr resolution is better than 4% over a large range in momentum,
and increases to around 10% at 1 TeV [77, 86]. This level of precision allows both SM measurements
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Figure 2.12: Schematic view of the Run 2 ATLAS Muon Spectrometer in r-z projections [84]. The cyan-green
colored blocks are MDT chambers in the barrel region, the blue colored blocks are MDT chambers in the
end-cap regions. The CSCs are shown in yellow. The TGCs are shown in red and pink. The RPCs are shown in
white.

and new physics searches in processes containing high momentum muons in the final states. The
muons are reconstructed from a combination of the ID and the MS. For muons with pt > 100 GeV,
the momentum resolution is mainly affected by the MS, and the drift tube hit resolution becomes the
dominate factor above 250 GeV. For low pt muons, the momentum resolution is dominated by the
ID due to the energy loss in the calorimeter. With the combination, the muons can be reconstructed
precisely in a wide pr range from 3 GeV to 3 TeV.

2.2.5 Trigger and data acquisition system

The ATLAS Trigger and Data Acquisition (TDAQ) system [87] is designed to collect the electric
signal of the detector. The proton-proton collisions take place at a very high rate, but only a small
fraction of the collisions contain hard scattering processes that are useful to the physics analyses. It is
impractical to record all the collision data due to limited computing resources. The TDAQ system
performs a selection to decide whether an event could be interesting, and only the selected events will
be recorded. During Run 2 of the LHC, the collisions take place every 25 ns, at a rate of 40 MHz,
with a peak luminosity of up to 103 cm™2s~!. The ATLAS trigger system has two levels, a hardware
based Level-1 (1) trigger which selects events at a rate of 100 kHz, and a software based High-Level
trigger (HLT) which further selects events at a rate of 1 kHz. The structure of the ATLAS TDAQ
system is shown in Figure 2.13.

The L1 trigger is based on detector modules that are able to provide fast signal for objects like electrons,
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Figure 2.13: Functional digram of ATLAS Trigger and Data Acquisition system in Run 2 [88].

photons, taus, jets and muons. Inputs from the reduced granularity sub-modules of the calorimeter
and the muon spectrometer are used to make the decision. The L1 trigger system is formed by the
L1 calorimeter (Calo) trigger and the L1 Muon trigger, as well as the L1 Central Trigger Processor
(CTP), which takes inputs from the L1 Calo and the L1 Muon triggers.

The L1 Calo trigger processes signals from the calorimeter. The trigger algorithms identify Regions-
of-Interest (Rols) in the detector modules. For electron/photon and tau trigger algorithms, the Rols
are 2 X 2 trigger tower clusters in the electromagnetic calorimeter. The sum of the transverse energy
from at least one of the four possible pairs of nearest neighbor towers (1 X 2 or 2 X 1) has to exceed a
predefined threshold. The Et threshold is set differently for different 5 regions with a granularity
of Ap x A¢ = 0.1 X 0.1. The jet trigger Rols are 4 x 4 or 8 x 8 trigger tower clusters, the summed
electromagnetic and hadronic transverse energy also needs to exceed predefined thresholds.

The L1 Muon trigger processes signals from the RPC and the TGC chambers of the MS. There are
three RPC layers in the barrel region as described in Section 2.2.4. During the long shutdown after
Run 1 (LS1), some outer layer RPC chambers in the projective region of the acceptance holes were
commissioned and became operational in Run 2. The TGC chambers are arranged in four layers, the
two doublets and the triplet were already operational in Run 1. The inner TGC layer was added during
LS1, covering 1.3 < || < 1.9.

The L1 trigger decision is made by the L1 CTP. The CTP receives signals from the L1 Calo and the
L1 Muon triggers, and performs selection based on the geometric or kinematic association between
the trigger objects. Calculation of global event quantities such as E%“SS are performed at the L1 CTP.
The completed L1 trigger system is able to make decision in less than 2.5 ps.

The HLT trigger system is a set of software based algorithms running offline. The trigger algorithms
take inputs from the L1 CTP, and process events with full granularity information which are not
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available at L1. The inner detector tracking algorithm provides electron trigger and muon trigger at
low-pr. The calorimeter reconstruction algorithms convert electronic signals into cell energies and
clusters, which are used as discriminants for particle identification and backgrounds rejection. The cell
energies and clusters also serve as inputs to reconstruction of the physics objects including electrons,
photons, tau leptons, jets and E%“i“. The muon tracking algorithms make use of L1 trigger together
with precision measurements from the MDT and CSC chambers to further refine muon candidates.

Finally, the data collected for physics analyses must be of good quality. The ATLAS DAQ system
operates at the L1 trigger output rate. The events passing the L1 trigger are temporarily stored and
read-out by the detector modules as the Read-Out Drivers (RODs). The DAQ system receives inputs
from the RODs, then with further selection from the HLT system, the event rate is reduced to around
1 kHz. The selected events are sent to permanent storage for physics analyses.
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3 Object reconstruction

The electric signals recorded by the ATLAS detector are processed by several event reconstruction
algorithms to identify particles and determine their kinematics. The objects are used to select events
with certain final states and kinematic signatures for physics analyses. This section describes the
reconstruction of physics objects from detector signals. Tracks are reconstructed from signals in the
ID. Energies of electrons and photons are measured by the EM calorimeter. Hadrons are absorbed
by the hadronic calorimeter. Muons leave signals in the ID and the MS. Neutrinos do not leave
observable signals in the ATLAS detector, but they can be identified through the imbalance of the total
transverse momentum of the event, which is the missing transverse momentum. Figure 3.1 illustrates
the passage of some particles in the ATLAS detector system.

3.1 Charged particle track reconstruction

Track is the trajectory of a charged particle passing through the ID and the MS. The reconstructed
tracks are used in almost every element of reconstruction, including primary vertices, leptons, pile-up
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Figure 3.1: Overview of particles passing through the ATLAS detector.
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Figure 3.2: Illustration of the track parameters in the transverse plane (left) and the » — z plane (right).

removal for jets and E%‘iss, jet flavor tagging. The high luminosity of the LHC puts stringent challenges
to the track reconstruction algorithm. Each event could contain around 600 tracks in Run 2. The
algorithm needs to reconstruct all the tracks with high efficiency and low fake rate. The current
ATLAS track reconstruction algorithm follows the New Tracking (NEWT) approaches [89]. It is a
software system that integrates a lot of well performing reconstruction algorithms. NEWT has been
the default ATLAS ID reconstruction program and many components of NEWT are also used in MS
track reconstruction.

A track of a charged particle in a magnetic field requires five track parameters (g) to describe:

q = (do, 20, 0,6, q/p) (3.1)

where dj is the transverse impact parameter, the absolute value of dj is defined as the shortest distance
between a track and the beam line in the transverse plane; zg is the longitudinal impact parameter,
defined as the z coordinate of the point on the track to evaluate dy. The transverse impact parameter is
signed to further discriminate the track in b-tagging. The sign is defined as positive (negative) if the
track intersects the jet axis, to which it belongs, in front of (behind) the primary vertex along the flight
direction. The azimuthal angle ¢ describes the direction of the track at the point to evaluate dj in the
transverse plane. The polar angle 6 describes the direction of the track in the » — z plane. ¢/p is the
ratio of the charge and the momentum of the particle. An illustration of the track parameters is shown
in Figure 3.2.

Reconstruction of the tracks
The reconstruction of tracks starts from grouping pixels and strips into clusters. The energy deposits

of a charged particle are usually collected in multiple pixels. The average size of pixel clusters is
about two pixels in the r — ¢ plane and from one to three pixels in the longitudinal direction. The
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3.1 Charged particle track reconstruction

pixels with energy deposits above a certain threshold are taken into account. The reconstruction
algorithm creates three-dimensional position measurements from the clusters, which is referred to
as space-points. In the pixel detector, each cluster equates to one space-point. In the SCT, the two
strip clusters on both sides of a layer are combined to form one space-point. Then, track seeds are
formed with combinations of three space points. Different combinations of space-points in the pixel
detector and the SCT are considered. A combinational Kalman filter [90] is applied to build track
candidates from the track seeds. The remaining space-points are incorporated into the track candidate.
The Kalman filter creates multiple track candidates if more than one compatible trajectories exist.

The best track candidate is selected with the ambiguity solver. In the ambiguity solver, the track
candidates are evaluated individually and assigned with a score. The score increases when the cluster
resolution and the fitting of track become better, decreases when a sensitive detector element along
the track does not provide a matched cluster. Such sensitive elements without a matching cluster are
the so-called "holes". With the scores, the ambiguity solver deals with clusters used by multiple track
candidates. A cluster cannot be shared by more than two tracks, and one track cannot contain more
than two shared clusters. The clusters that do not meet this requirement are removed, and the track
score is re-calculated. A set of quality criteria is applied to the track candidate at this stage, any track
candidate that do not meet the requirement are removed. Finally, a high resolution fit is performed on
the remaining track candidates, with the extended TRT hits to estimate the final track parameters.

Performance of the track reconstruction

The performance of track reconstruction algorithm has been studied with Run 2 data and MC simulated
samples. Two sets of quality criteria, referred to as Loose and Tight Primary, are studied. The Loose
selection criteria allows more tracks to be kept but comes with higher fake rate. The Tight Primary
criteria has lower tracking efficiency but improves fake rejection. The tracking efficiency is defined
as the ratio of the number of reconstructed tracks and the number of truth charged particles. It is
measured in bins of truth particle pt and ;. Figure 3.3 shows the tracking efficiency as a function
of truth pt and 5. The tracking efficiency reaches to 90% and 85% in central n region for Loose
and Tight Primary selections, respectively. Not all reconstructed tracks correspond to a charged
particle traversing the detector. Such tracks are the so-called "fake" tracks. The fake rate is estimated
by assuming the number of non-fake tracks is to first order proportional to the number of pile-up
interactions. Any deviation from the linearity is considered to be caused by fake tracks. The estimated
fake rate increases with pile-up. It is negligible at () = 0, increases to around 5% at {u) = 25 for
Loose selection. The fake rate can be controlled at very low level with Tight Primary selection [91].

The impact parameter resolution is measured with respect to the primary vertex. The resolution of the
primary vertex is unavoidably folded into the measurement, so the impact parameter resolution needs
to be unfolded from its reference point. The results of the unfolded resolution measurements is shown
in Figure 3.4. The resolution of dy varies from 20 um to 120 um. The resolution of zq differs vastly in
different n regions. The resolution measured in simulation is slightly better than in data, due to the
discrepancies in material description used in simulation and simplified energy deposit model.
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Figure 3.3: Tracking efficiency evaluated with early Run 2 data and minimum bias MC simulation, as a function

of truth particle pr and 5 [91].
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Figure 3.4: Resolution of transverse impact parameter dy (a, b) and longitudinal impact parameter zg (c, d) as a
function of pr (for 0.2 < n < 0.4) and 5 (for 1 < pr < 2 GeV) [78].
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3.2 Primary vertex

3.2 Primary vertex

Primary vertices are the primary interaction points of the pp collisions. The reconstruction of primary
vertex is based on the reconstruction of charged particle tracks. The process is divided into two stages:
the primary vertex finding algorithm that associates tracks to vertex candidates, and the vertex fitting
algorithm that reconstruct the vertex position and its covariance matrix. For vertex reconstruction in
Run 2, a very tight selection is first applied to select quality tracks [92]:

e pr > 400 MeV, || < 2.5,

* number of silicon hits larger than 9 for || < 1.65, larger than 11 for |p| > 1.65,
e at least 1 IBL hits or B-layer hits,

* No more than 1 shared pixel hit or 2 shared SCT hits,

* No pixel holes,

* No more than 1 SCT hole.

A vertex candidate requires at least two tracks passing these selection criteria associated to it. The
primary vertex finding procedure is an iterative process starting from vertex seed position determined
with the beam spot constraint. After the seed has been determined, the vertex finding algorithm
performs an adaptive vertex fitting with the seed position and the track parameters. The selected
tracks are assigned with weights to reflect its compatibility with the vertex seed. The vertex position
is then re-calculated with the weighted tracks. After the last iteration, the tracks found incompatible
with the vertex are returned as unused tracks for the next vertex finding iteration.

The vertex reconstruction efficiency has been measured from Run 2 data. It is evaluated from the ratio
between events with a reconstructed vertex and events with at least two quality tracks. Figure 3.5
shows the vertex reconstruction efficiency measured from low pile-up (low-u) data, compared to
MC simulations. The efficiency is higher than 99% for events with more than four tracks. The
vertex reconstruction performance was extended to the high pile-up regime using data collected in
Run 1 [93], with values of {u) between 55 and 72. The simulation samples spanned values of {u)
from 38 to 72. The efficiency decreases with increasing pile-up. Figure 3.6 shows the average number
of reconstructed primary vertices compared to truth vertices as a function of {u), where matched
vertex is vertex with tracks mainly from one generated interaction, merged vertex is vertex with tracks
from two or more generated interactions. The position resolution of the reconstructed vertex measured
from the same low pile-up data is shown in Figure 3.7. The resolution in the transverse direction is
around 20 um for events with more than 25 tracks. For events with a very small number of tracks,
the resolution could exceed 100 um. The resolution in the longitudinal direction is around 30 um for
events with more than 25 tracks.

3.3 Electron reconstruction

The electrons are reconstructed from energy deposits in the EM calorimeter with associated charged
particle tracks in the ID [94]. A schematic illustration of the sub-detectors crossed by an electron is
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Figure 3.6: Average number of reconstructed primary
vertices compared to the total number of truth vertices
as a function of (i), measured from simulated samples
in Run 1 [93].
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Figure 3.7: Position resolution of the reconstructed primary vertex in the x-axis direction (left), y-axis direction
(middle), z-axis direction (right) [92].

shown in Figure 3.8. The complete reconstruction process includes the electron reconstruction, the
electron identification and the performance studies.

The energy deposits in the calorimeters are reconstructed as topological clusters. For the reconstruction
of electrons, seed clusters formed from EM calorimeter towers are identified. The n-¢ space of the
EM calorimeter is divided into a grid of N;, X Ny = 200 X 256 towers of size An x A¢ = 0.025 x 0.025,
corresponding to the granularity of the EM calorimeter middle layer. The energy of a tower is obtained
from the sum of all the cell energies in the shower-depth layers. For a cell that spans several towers,
the energy is assigned evenly among the towers without taking into account any geometrical weighting.
The seed clusters are searched for by a sliding-window algorithm [96] with a window size of 3 X 5
towers in the 1-¢ space. The total transverse energy of the seed cluster has to be larger than 2.5 GeV.
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Figure 3.8: Schematic illustration of the sub-detectors crossed by an electron. The solid red curve represents
the trajectory of the electron, the dashed red curve represents the photon produced by the interaction between
the electron and the detector materials [95].

Electron track reconstruction follows the methods described in Section 3.1. In additional to the
standard track reconstruction process, an electron-specific pattern recognition and fitting algorithm
is developed to recover the energy losses from bremsstrahlung. The standard track reconstruction
algorithm uses pion hypothesis for energy loss of the charged particles, so a track seed with a transverse
momentum larger than 1 GeV cannot be extended to a full track with less than seven silicon hits.
For such cases, a new pattern recognition using electron hypothesis is re-tried. This modification
allows up to 30% energy loss in the material. It is integrated into the standard track reconstruction
above 1 GeV, which improves the performance and has minimal interference with the main track
reconstruction. The fitting of the tracks with electron hypothesis takes into account the increase in y>
due to bremsstrahlung. A track candidate is fitted with the standard fitting (pion hypothesis) first. If it
fails due to large y?, it is then re-fitted with the electron hypothesis.

The tracks are loosely matched to the seed clusters based on the distance in 77 and ¢. The matching
conditions allow disagreement between momentum measured in the ID and energy reconstructed in
the calorimeter to account for bremsstrahlung energy loss. After the matching, the track parameters of
these selected tracks are precisely estimated with an optimized fitter, the Gaussian Sum Filter (GSF)
algorithm [97], which is a non-linear generalization of the Kalman filter that accounts for non-linear
bremsstrahlung effects. The final electron candidate is reconstructed by matching the selected tracks
to the seed cluster with tighter selection than the previous step. An electron has to have at least one
track matched to the seed cluster. If more than one tracks match to a seed cluster, the best matched
track is selected as the primary track. The selection is based on the track-cluster distance and the
number of pixel hits, especially hits in the IBL in the track. The electron candidates without any pixel
hits are removed and considered to be photons. The kinematics of the electrons is computed using the
calibrated energy of the cluster and the primary track. The reconstruction efficiency of electrons is
shown in Figure 3.9. The electron reconstruction efficiency becomes closer to the track reconstruction

65



3 Object reconstruction

> s e e o e B s e B e s e
o -
s T 2eat SR ERREERREEREERRRRRARARANNINY
a% - Il.g' .y.'v"vv B
S 08— _ v —]
S 5 L ATLAS Simulation 7
g I~ - v —e— Cluster 7
- —]
&‘3’ 06 i v = Track i
L Cluster and track i
- s —+—— Electron candidate N
04— ¥ |
02— I v —
L v 4
0 ; ”I' 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 1

0 10 15 20 25

Er*° [GeV]
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electrons as a function of truth electron E1 [98].

efficiency as Et increases.

3.3.1 Electron identification

Not all reconstructed electron candidates are prompt electrons originate from hard scattering physics
processes. Fake electrons refer to objects such as hadronic jets, electrons from photon conversions that
are reconstructed as electron candidates. It is necessary to apply electron identification algorithms to
reject these backgrounds while keeping the prompt electrons. The electron identification algorithm
for Run 2 is a likelihood-based method that uses multivariate analysis (MVA) to make selection
decisions. The distribution of the likelihood discriminant peaks at 1 and O for real and fake electrons
respectively.

Three levels of identification criteria are typically provided: Loose, Medium and Tight. The selections
are defined with the same discriminant, but the cuts on this discriminant are different in order to
achieve different efficiencies. The electrons selected by Medium criteria are a subset of those selected
by Loose, and Tight electrons are a subset of those passing Medium criteria.

The efficiencies of the electron identification algorithms are measured in data and simulation. Processes
with very clean signature is used: Z — ee for electrons with Er > 15 GeV and J/y — ee for
electrons with E1 < 15 GeV. The efficiencies are calculated as the ratio of the number of electrons
passing the identification criteria and the number of electrons with a good quality associated track.
The tag-and-probe method [94] is used to select unbiased electron candidates in the samples. One of
the electron (tag) must satisfy a strict requirement on the discriminant, and the other electron (probe)
is selected with loose requirement. The tag is used to select events, the probe is used to measure the
efficiency. Several other event selection cuts are applied, including Et, n thresholds and invariant
mass window. The measured electron identification efficiency is shown in Figure 3.10. The efficiency
varies from 58% to 88% for Tight operating point, and from 86% to 95% for Loose operating point.
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Figure 3.10: Electron identification efficiency measured from Z — ee events in data collected in Run 2, as a
function of Et (left) and 7 (right) for Loose, Medium, Tight operating points [98].

3.3.2 Electron isolation

Except the electron identification criteria, some isolation requirements can further discriminate
between signal and background. The isolation discriminating variables are able to reject objects
such as electrons from photon conversions, electrons from heavy hadron decay, and light hadrons
mis-identified as electrons. Two variables that are typically designed for this purpose are:

* calorimeter isolation variable E%Onex. It is defined by the sum of Et of all the positive energy
topo-clusters within AR = X around the seed cluster at electromagnetic scale, the energy of the
electron is subtracted.

* track isolation variable p%arc"“ex. It is defined by the sum of pt of all the quality tracks within
AR = min(X, 10 GeV/Et) around the candidate track of the electron. Tracks matched to the
electron or converted photon are excluded.

Typical value for X is 0.2. Working points of the isolation selection are defined in two ways: a fixed
cut on variables or a fixed efficiency. The fixed efficiency working point is named as the "Gradient". It
is designed to provide an efficiency of 90% at ET = 25 GeV and an efficiency of 99% at Er = 60 GeV.
The other three working points are fixed cuts on the variables defined as [98]:

* HighPtCaloOnly, E£"0- < max(0.015 pr, 3.5 GeV).
* Loose, ES"X /Er < 0.2, pyeoeX /pp < 0.15.
* Tight, ES"X/Er < 0.06, py¥coreX /pr < 0.06.

Efficiencies of these working points measured from Z — ee events are shown in Figure 3.11.
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Figure 3.11: Electron isolation efficiencies measured from Z — ee events in data collected in Run 2 as a
function of Et (left) and 7 (right) for different working points [98].

3.4 Muon reconstruction

Muons can pass through all the sub-detectors. The muon trajectories are reconstructed from hits in
the ID and the MS independently. Muons also interact with the calorimeter material. The deposited
energy is limited but can be used in the muon identification. Muon track reconstruction in the ID
follows the same methods like any other particles as described in Section 3.1. Muon reconstruction
in the MS [99, 100] starts from identification of short straight-line local track segments. A feature
extraction technique called as the Hough transform [101] is used to identify segments aligned with
the hits in the bending plane of the MS. Segments in different detector modules are combined into
preliminary track candidates. Loose constraints on the originating point and the bending of the track
are applied. Then, a global y? fitting is performed to reconstruct muon tracks from segments in
different layers. A track needs to have at least two segments, except in the barrel end-cap transition
region, where a single high quality segment can be used to build a track.

The muon candidate can be identified with information from different combinations of sub-detectors.
There are five types of reconstructed muon:

* Combined (CB): combination of tracks reconstructed independently in the ID and the MS. A
global fit re-calculates the parameters of the combined track.

* Inside-out combined (I0): track reconstructed in the ID with at least three loosely aligned MS
hits. A combined fit reconstructs the track with the ID hits and the MS hits.

» Segment-tagged (ST): track reconstructed in the ID with at least one associated segment in the
MDT or CSC chambers.

* Calorimeter-tagged (CT): track reconstructed in the ID with a matched energy deposit in the
calorimeter, corresponding to a minimum ionizing particle.
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* MS extrapolated (ME) muon: track reconstructed only in the MS, the track can be extrapolated
to the IP with a loose requirement.

The overlap between different muon types is resolved by always giving priority to CB muons, then to
10 muons, then to ST muons, and finally to CT muons. The ME muons are mainly used in the region
not covered by the ID, 2.5 < |p| < 2.7.

3.4.1 Muon identification

Similar to electron reconstruction, not all reconstructed muons are prompt muons. Fake muons can
originate from pion and kaon semileptonic decays, punch-through jets not fully contained in the
calorimeter, or from cosmic rays. Muon identification algorithms select high quality muon candidates
using number of hits in the ID and the MS, track fit properties and variables that test the compatibility
of the measurements in the two sub-detectors. For each type of muons, several sets of selection
requirement with different working points (WP) are provided. Depending on the efficiency of muon
candidates passing the cuts, typical working points are defined as Loose, Medium and Tight. Muons
passing Medium selection constitute a subset of those passing Loose selection. Muons passing Tight
selection are also a subset of muons passing Medium selection. The Medium WP is used by many
analyses. The Loose WP is specially designed for Higgs to four-muon decays. The Tight selection
provides the highest background rejection rate, mainly used in analyses that are limited by background
from non-prompt muons. Two additional working points called as High-pt WP and and Low-pt WP
are designed for analyses that explore extreme phase space with muon pt above 100 GeV or the lowest
pT Muons.

The Medium identification criteria is the most widely used WP. It is defined only for CB and 10
muons. The quantities used to define the WP are

* precision hit (hole) station: number of MS stations in which muon has at least three hits (holes)
in the MDT and CSC chambers, where "hole" means a sensitive detector element along the
track that does not provide a matched cluster;

¢ g/p compatibility: the absolute difference between the ratio of the charge and momentum of
the muons measured in the ID and MS, divided by the sum in quadrature of the corresponding
uncertainties,

lg/p — q/pws|

Vo2(q/po) + 72(q/ps)

q/p compatibility = (3.2)

e p’: the absolute difference between the ID and the MS pr measurement divided by the pt of
the combined muon track,
’_ lpT.ID — pT,MS|; (3.3)
PT,combined

» normalized y? of the combined track fit.
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Figure 3.12: Muon reconstruction and identification efficiency measured in Z — pu and J /¢ — pu events in
Run 2, for Medium selection criteria [100].

The muon candidates are required to have hits in at least two precision stations, except in || < 0.1,
where at least one hit in precision station and no more than one hole in the precision station is enough.
The g/p compatibility is required to be less than seven. More than 98% muons passing the medium
identification selection are CB muons. Based on the Medium selection cuts, the Tight identification
continues to require normalized y? being less than eight. Further requirements on ¢/p compatibility
and p’ are placed in some regions. The Loose identification is defined to accept all types of muons.
CT and ST muons are accepted in || < 0.1. 10 muons with low pt (pr < 7 TeV) and only one
precision station are accepted in || < 1.3.

3.4.2 Muon reconstruction and identification efficiency

The efficiencies of muon reconstruction and identification are measured in Z — uu and J /¥ — uu
events. The tag-and-probe method is used to select samples containing muon pairs. Additional cuts
applied in event selection include pr, 7 thresholds and invariant mass window. The selected signal
events have a purity of 99.9%. Z — uu samples are used to measure efficiency for muon with pr
greater than 15 GeV. J/y — uu events are used to measure efficiencies in 3 < py < 20 GeV with
small uncertainties. The measured muon reconstruction and identification efficiencies for Medium
criteria is shown in Figure 3.12. The measurement from Z — uu and J/y — pp in overlap region
between 10 GeV and 20 GeV agree well with each other. The efficiency exceeds 98% for muons with
pr > 10 GeV.
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3.5 Jet reconstruction

Partons hadronize to produce a spray of particles that are called jets. The reconstruction of jets is
essential to many physics analyses including H — bb, as the b-hadrons in the final state are embedded
in b-jets. The complete reconstruction of jets has several steps. The actual reconstruction form jets
from calorimeter clusters, then the reconstructed jets are processed by several algorithms to calibrate
the kinematic variables. This section describes the complete reconstruction process. One step of the
reconstruction, the Monte-Carlo based calibration, which is part of my own original contribution, is
described in detail in Chapter 4.

3.5.1 Reconstruction of clusters

The first step of the jet reconstruction is the building of calorimeter topological clusters (topo-
clusters) [102]. Topo-clusters are groups of calorimeter cells spanning in three-dimensional space of
n, ¢ and r. The observable that controls the cluster formation is the cell signal significance, defined as

EEM
EM _ cell
Scell = EM ’ (3 -4)
g .
noise,cell

where EFM is the energy of the cell, oEM
cell

noisecell 1S the average noise in a cell, both measured on the
electromagnetic (EM) scale. This energy scale measures the energy deposits of electrons and photons
correctly, but does not accounts for corrections of the energy of hadrons due to the non-compensating
character of the ATLAS calorimeter. The formation of a topo-cluster follows the 4-2-0 approach.
The algorithm starts from seed cells with |g§el;/1[| > 4. Then all the cells neighboring a seed cell with
|gfel}f| > 2 are added. If a neighboring cell passes the seed cell requirement, then the two seed cells
are merged. Finally, all the neighboring cells with |§CE§;I| > 0 are added. "Neighboring" is generally
defined as a calorimeter cell and the formated cells in the topo-cluster being directly adjacent in a given
sampling layer, or having partial overlap in the n-¢ plane if in adjacent layers. The cell collections can
span modules within the same calorimeter as well as calorimeter sub-detector transition regions.

Clusters built following this approach can be too large to provide a good measurement of energy,
so clusters with more than one signal peaks are split. The signal peak is defined as a cell with
Eg;f > 500 MeV, and this cell has at least four neighbors with no larger cell energy. In the splitting,
each cell could be split no more than one time. The energy of a shared cell is split between the two

clusters based on geometrical signal weights, calculated as:

Eclus, 1
w=— w=1-w, (3.5)
Eclus,l + rEclus,Z

where r = exp(d; — d3), d; and d, are the distances from the cell to the gravity center of the two
clusters, measured in units of a typical electromagnetic shower size (approximately 5 cm) scale in the
ATLAS calorimeters. Every cell has a geometrical signal weight defined for convenience. For a cell
that is included in two clusters, the geometrical signal weights are calculated as in Eq. 3.5. For a cell
that is not split, its weight w is defined as 1.

71
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Energy of the topo-cluster is calculated as weighted sum of all the cell energies,

Ncell
Ecluster = Z w; * Ecenn. (3.6)
i=1

The cell energy can be calculated at EM scale or local cell weight (LCW) scale. The LCW scale
accounts for the energy loss of hadrons. It is mainly used in reconstruction of large-R jets. The
variable w; is the geometrical signal weights introduced by cluster splitting. Cells with negative energy
are results of fluctuations introduced by pile-up and electronics noise. The absolute value of gCEel;f is
used in the clustering process, so cells with negative energy are also collected. Topo-clusters with
negative energy seed are likely to have negative energy as well. These clusters are typically generated
by out-of-time pile-up. The negative energy topo-clusters are not included in the jet reconstruction,
but they can be used as an average global cancellation of contributions from pile-up. The cluster

direction is calculated as weighted average of cell positions,

N, N,
Zizcle“ w; * Ecepn - Hcell,i Zizcleu w; * Ecen + Ocell,i
Nclus = Noan > Pclus = Nean . (3.7
Zi:l w; * Ecen Zi:l w; - Ecent
The momentum of a topo-cluster is calculated using its reconstructed energy and position,
Delus = Eclus * (sin O¢jus €OS Pelys , Sin Beqys Sin Pelys , €OS Oelus)- (3.3)

The topo-clusters are interpreted as massless pseudo-particles in object reconstruction. The jets also
do not have a reconstructed mass. However, the mass can be defined with a valid physics hypothesis.

Track-Calo Cluster

The default topo-clusters are reconstructed using only information from the calorimeter. It is possible
to improve the jet resolution by combining the tracker and the calorimeter information. Track-Calo
Cluster (TCC) [103] is a combination of track spatial coordinates and topo-cluster energy components.
The idea of TCC is to maximize the performance of the reconstructed objects by exploiting the
strengths of each detector. The ATLAS ID has excellent position resolution. However, the ID can
only measure charged particles and the momentum is calculated from the curvature. In contrast, the
calorimeter has an excellent energy resolution, while the angular resolution is limited.

The TCC building algorithm attempts to match tracks and topo-clusters if they meet the following

requirements:
| 2 2
Ok < Oclus » AR < T lus + opwin (3.9)

where oys is the width of the topo-cluster, oy is the uncertainty on the track extrapolated to the
topo-cluster, AR is the angular distance between the track and the topo-cluster. The successfully
matched track and topo-cluster pairs are then used to build the TCC 4-vector. Figure 3.13 shows the
different types of TCC objects. The simplest type is a single match between a track and a topo-cluster,
as the case of the first TCC object. The 4-vector is built from the track coordinates and the cluster
energy.

TCC; : (p%‘,n’l,cﬁt‘,m =0). (3.10)
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SOLENOID

INNER DETECTOR
—— Tracks

Figure 3.13: Schematic demonstration of the seven types of TCC objects. The red curves labeled as "t" represent
tracks. The orange blocks represent EM calorimeter clusters. The blue blocks represent hadronic calorimeter
clusters [103].

Topo-clusters without a matched track are used to build TCC directly, as the case of type 2.

TCC; : (py. 0", ¢, m = 0). (3.11)
Tracks without a matched topo-cluster are also used to build TCC directly, such as the type 3.

TCC; : (pi&, n's, ¢, m = 0). (3.12)

When multiple tracks matched to a single topo-cluster like the forth and the fifth cases, each track is
used to build a TCC with part of the topo-cluster. The topo-cluster energy is shared between the two
tracks based on their momentum fraction.

15)
p
TCCk: (0 iy g 17" = O (3.13)
p
TCCs : (p< T 0B, %, m=0), (3.14)

T prlp™ + p*]
where pt[p® + p®] is the transverse momentum of the 4-vector sum of track #, and 73.

More complicated cases are multiple tracks matched to multiple topo-clusters, like the examples of
type 6 and type 7. Each track is still used as a seed to build a TCC. The topo-cluster energy is shared
between tracks based on their momentum fraction, and the track momentum used to calculate the
fraction needs to be weighted with the cluster energy fraction because multiple clusters matched to a
track. The weight is calculated as:

Py
=T (3.15)

w - ’
’ pPT [ch pck]
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where the sum runs over all the clusters (¢ ) matched to a specific track 7, c; represents the topo-cluster
that is being shared. The pr fraction of track 7 used to calculate the energy contribution from
topo-cluster ¢; to a TCC object becomes:

pT . WCi
T = — (3.16)
Pt [th pY- Wthl]
where the sum runs over all the tracks (¢;) matched to topo-cluster c;.
Finally, the 4-vector of a TCC object built from track 7 is:
TCC, : (), p§ - [0, 6%, m = 0), (3.17)
Ci

where the sum runs over all the topo-clusters matched to the track 7.

TCC objects have better resolution compared to topo-clusters, especially in environments with several
close-by or even merged jets. However, jets reconstructed from TCC objects cannot perform as well
as jets reconstructed from topo-clusters in low pt regions. To improve the performance over a wide
pr range, TCC is integrated into a new object called Unified Flow Objects introduced in the following
sections.

Particle Flow Objects

Particle Flow (PFlow) [104] is another way to combine tracking and calorimeter information. It
subtracts calorimeter energy deposits that can match an extrapolated track. The reconstructed PFlow
object is a combination of tracks and remaining topo-clusters. The PFlow algorithm first attempts
to match tracks to one topo-cluster. The topo-clusters used in the reconstruction have to capture at
least 90% of the total energy of a particle. The tracks are selected with strict quality criteria. At least
nine hits in the silicon detectors and no holes in the Pixel detector are required. The topo-clusters are
ranked by a modified distance metric:

AR = (|24 (2, (3.18)

¢ Oy
where A¢ and An are the angular distance between the barycenter of the topo-cluster and the track,
o4 and o, are the angular topo-cluster width. The topo-clusters are preliminary matched to the tracks
if they satisfy E€'%/p"™ > 0.1. Then the selected topo-clusters with the smallest AR’ is taken to be
the matched one. Figure 3.14 illustrates four types of PFlow. These cases use 7% and 7° as examples.
The particles deposit their energy in one or two topo-clusters. The four examples demonstrate the
majority of the PFlow objects.

For the case of a single charged particle matched to a topo-cluster as in Figure 3.14 (a), the topo-cluster
is subtracted and the final PFlow object becomes the track. Particles do not always deposit their
energy in a single topo-cluster, two topo-cluster case is very common, as shown in Figure 3.14 (b).
The algorithm checks if the shower is split across multiple clusters, and then takes additional clusters
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Figure 3.14: llustration of PFlow matching (upper) and subtraction (lower) process [104]. (a) One track matched
to one topo-cluster. (b) One track matched to two topo-clusters. (c) A charged particle and a neutral particle
deposited as two topo-clusters. (d) A charged particle and a neutral particle deposited as one topo-cluster.

into consideration. The energy deposits in multiple topo-clusters matched to a charged particles are
subtracted and replaced with the track, similar to the single topo-cluster case. If a topo-cluster does
not match to any tracks as the case in Figure 3.14 (c), then it is assumed to be originated from a neutral
particle. The topo-cluster remains unchanged and becomes the final PFlow object. For the case of
a single topo-cluster deposited from multiple particles, as in Figure 3.14 (d), the energy deposits
matched to charged particles are subtracted. The energy deposits of charged particles are estimated by

<Edep> — ptrk<Eclus /pclus (3 19)

ref ref /°

where Er"el;“ / p‘r’é‘lis is the ratio of energy deposits measured in calorimeter and momentum measured in
the ID, with subscript ‘ref” to indicate it is determined from single pion samples. The final PFlow
object is a modified topo-cluster with the estimated energy replaced using track. PFlow is able to
improve energy and angular resolution of jets compared to topo-clusters. It has been integrated into
jet reconstruction for Run 2. The algorithm is robust against pile-up, and has good performance for
jets with pt up to 100 GeV.
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Figure 3.15: An illustration of the UFO reconstruction algorithm [105].

Unified

Unified Flow Objects

Unified Flow Object (UFO) is a union of TCC objects and PFlow objects [105]. The motivation of
UFO is to obtain a better and more stable performance in a wide pt range. TCC is able to improve
the jet reconstruction performance significantly at high pr, but their performance is worse than the
baseline topo-clusters at low pr. Jets reconstructed from PFlow objects are improved overall, but do
not achieve the same level as TCC at high pr.

The procedure of UFO reconstruction algorithm is illustrated in Figure 3.15. The algorithm starts
from reconstructed PFlow objects (PFO). The PFOs are divided into three categories: neutral
PFOs, which are the same as topo-clusters; charged PFOs with energy subtracted, which are PFOs
reconstructed correctly; charged PFOs without energy subtraction, which are PFOs mis-matched in
the so-called "dense" environment that has multiple close-by objects from high pr particle decays.
Pile-up mitigation algorithms such as Constituent-Subtraction (CS) and Soft-Killer (SK) [106] may be
applied to the PFOs. For the charged PFOs, they come out directly as UFOs if they are not in a track
dense environment. Otherwise, the charged PFO is processed by the TCC algorithm together with
primary vertex tracks that have not been used in PFO reconstruction. The reconstructed TCC object
becomes an UFO. The neutral PFOs are also processed by the TCC algorithm, and the reconstructed
TCC objects are UFOs.

UFOs are very stable with respect to pile-up. It offers enhanced resolution and better jet reconstruction,
calibration and tagging performance. Large-R jets reconstructed from UFOs have been recommended
as the default in the ATLAS experiment for future analyses in Run 3.
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3.5 Jet reconstruction

3.5.2 Jet clustering

Jets are reconstructed from topo-clusters, PFOs, UFOs, tracks and truth particles using anti-k;
algorithm [107]. To apply the algorithm, distance quantities of d;; and d;p are introduced. The
variables are defined as:

d i ( . ARizj (3.20)
j = min | —-, —— | —5=, :
Pr; Prj R
1
dis = —-, (3.21)
Pt

where pr; and pt; are the transverse momentum of topo-cluster i and topo-cluster j, AR;; is the
angular distance between i and j, R is the radius parameter that decides the radius of the reconstructed
jets. The clustering proceeds by identifying the smallest among all the d;; and d; g for the topo-cluster
i. If the smallest is d;;, the topo-cluster i and and the topo-cluster j are merged. If it is d;p, then
topo-cluster i is identified as a jet and removed from the list of constituents. The process is repeated
with the remaining topo-clusters until no constituents are left.

The functionality of the anti-k; algorithm can be understood by considering an event that contains a
few well-separated hard scattered particles and many soft constituents. The quantity d;; between a
hard scattered particle and a soft constituent is determined by the particle pt and the angular distance
AR;;. Soft constituents with similar AR have much larger d;; because their pr is much smaller than
the hard scattered particle. As a result, soft constituents are much more likely to be clustered with
nearby hard scattered particles. If a hard particle has no neighboring hard particles within an angular
distance of 2R, it will simply accumulate all the soft constituents within a circle of radius R, resulting
a perfect conical jet.

Jets can be reconstructed with different radius to suit different needs. One of the most widely used
radius is 0.4. Jets with R = 0.4 (small-R) can be used to reconstruct most of the hadron decay products.
For analyses that target high transverse momentum regions like the boosted VH(bb) analysis, jets
reconstructed with R = 1.0 (large-R) are needed. In the boosted VH(bb) analysis, the small-R jets
are reconstructed from topo-clusters with their energy calibrated at EM scale, the large-R jets are
reconstructed from topo-clusters with LCW scale energy. Several new inputs have been studied
for both small-R jets and large-R jets to develop a precision recommendation for Run 3. The new
small-R jets are reconstructed from PFlow objects. The large-R jets are reconstructed from UFOs.
The precision recommendation for small-R jets is used in the combined VH(bb) legacy analysis.

Another jet collection used in V H(bb) analysis is track jet formed from charged particle tracks, with
a variable radius (VR). Instead of clusters, the anti-k, algorithm is applied to tracks. The radius
parameter is proportional to the inverse of the jet pr: R = p/pt, where p is set to 30 GeV. The
minimum and maximum of the radius parameter are set to 0.002 and 0.4, respectively. The other two
clustering algorithms are the k; algorithm [108] and the Cambridge-Aachen (C-A) algorithm [109,
110]. These algorithms are not used in jet reconstruction directly, but they are useful in the calibration
processes to remove the soft constituents. The &, algorithm has the same steps as the anti-k, algorithm,
but it uses p% instead of 1/ p% in the calculation of the distance variables.

2
AR,
R

diy = min (p3,, 73 ) (3.22)
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Figure 3.16: An overview of the calibration chain of the small-R jets (upper) and the large-R jets (lower).

dig = p3;. (3.23)

The k; clustering algorithm identifies the smallest distance and proceeds in the same way as the anti-k;
algorithm. The C-A algorithm simply merges the pair of clusters with the smallest AR;; until all the
distances between objects are above a threshold Ry. These objects are identified as jets. Typical value
for Ry is 1.0.

3.5.3 Jet Calibration

After the reconstruction of the jets, several steps are needed to calibrate the jets [111]. The calibration
chain of the reconstructed small-R jets and large-R jets is shown in Figure 3.16. The jet calibration
can be separated into three major steps. First the pile-up contributions are suppressed at jet level, then
the jets are calibrated to MC truth scale, and the last step accounts for the data MC difference and
derives the systematics. Small-R jets have an origin correction to correct the jet axis to point to the
hard scatter vertex of interest. It does not affect the jet energy. This section introduces the major steps
of the calibration for both small-R jets and large-R jets.

Pile-up removal

The small-R jet pile-up removal is composed of a correction with the energy density p times jet area
Ajer and a residual correction with the pile-up parameters. The jet area is evaluated for each individual
jet, providing a measure of the local size of the jet. The energy density is calculated for individual
event within || < 2.0, providing a measure of global pile-up energy presented in the event. The final
correction can be written as:

Pr = pr — pPAjer — a(Npy — 1) = Bu. (3.24)

The correction factors for Npy and u are derived from specific MC simulated samples, and then used
in pile-up removal for all the jets. The factor @ is parameterized as a function of pt and Npy, which
corrects the jet energy dependence on number of primary vertices. The factor g is parameterized as a
function of pt and u, which corrects the jet energy dependence on the mean number of pp interactions
per bunch crossing.
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Figure 3.17: Process of the Trimming algorithm [112].
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Figure 3.18: An illustration of Recursive Soft Drop and Bottom-Up Soft Drop. The branch pairs satisfied the
SD termination condition are marked with solid red box. The branches failed the termination condition are
marked with dashed lines.

The large-R jet pile-up removal algorithm is grooming. Several kinds of grooming techniques
have been developed. One of the grooming algorithm used for jets reconstructed from LCW scale
topo-clusters is Trimming. It is designed to remove soft constituents in the jet. This algorithm first
re-clusters the constituents of a large-R jet into several sub-jets of radius Ry, using k; algorithm.
Then any sub-jets with pt fraction less than a cut f.; are removed. This process is illustrated in
Figure 3.17. Typical value of Ry is 0.2, and of f is 0.05.

Another grooming algorithm that is selected to be used with jets reconstructed from UFOs is Soft
Drop (SD). It is designed to remove soft and wide radiation from a jet. This algorithm proceeds by
splitting a jet into two branches using the last step of the C-A algorithm. If the two branches hold the
condition:

. B
min(pri, pr2) _ Cm(ARIZ) , (3.25)

P11 + P12 Ro

the lower pr branch is removed and the process is repeated with the updated jet. Otherwise, the process
terminates and the remaining constituents form the jets. Typical values for z¢, and S are 0.1 and 1.0,
respectively. Such configuration is to achieve a split that each one of the branches cannot have a pr
that is too small, and the angle between the two branches can not be too large. Two similar algorithms
referred to as Recursive Soft Drop and Bottom-up Soft Drop are developed as alternatives of the SD.
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Recursive SD applies SD to the reclustered jet until the termination condition is satisfied several times.
For UFO jets, the algorithm proceeds the same as SD in the beginning. However, it does not stop
when the termination condition is meet for the first time. The Recursive SD continues applying SD to
the branches in the remaining constituents. The algorithm proceeds until the termination condition
can be meet two times continuously, then the remaining constituents form the jets. Bottom-up SD
applies the SD condition to every pair of branches in a completely reclustered jet. Any soft branches
will be removed. An illustration of Recursive SD and Bottom-Up SD is shown in Figure 3.18.

Monte-Carlo calibration

Monte-Carlo (MC) calibration is to calibrate the jet energy and mass to particle scale at truth level. It
is important because a large fraction (up to 60%) of the energy in a hadronic shower is invisible to the
detector. For example, some of the energy can be deposited in materials that are not active sensors,
the energy absorbed by nuclei is also not observed. Such lost energies have been taken into account
partially at cluster level. A MC calibration at jet level is needed to completely recover the lost energies.
The MC calibration compares reconstructed jets to jets built from simulated particles, referred to as
truth jets. The response is defined as the ratio of the reconstructed quantity and the truth quantity:

xreco
R= Xtruth '

(3.26)

The jet energy scale (JES) calibration is derived in fine bins of energy and 7. Corrections are applied
to reconstructed jet energy using numerical inversion of the response. The JES calibration has the
same procedure for both small-R and large-R jets, except the binning is different. The jet energy can
be calibrated to truth scale with uncertainties smaller than 1%.

The large-R jets have a well-defined mass, so they are used to distinguish the hadronic decay of a
massive particle. The calorimeter based mass is defined as the "invariant mass" of all the constituent
in the jet,

2
calo _ Z E| -

ieJ

2
Zﬁi) , (3.27)

ieJ

where i stands for constituents in a large-R jet. The other definition used to improve the resolution of
the mass is the track-assisted mass, defined as

p
mTA — T % mtrack’ (328)
track
P
where p%alo and ptTraCk are the jet momentum measured by the calorimeter and the tracker. For jets

reconstructed from topo-clusters, the final mass is a combination of the calorimeter based mass and the
track assisted mass. For UFO jets, just the calorimeter-based mass is enough as the track information
has been already applied to improve the resolution of the constituents. The jet mass calibration (JMS)
is derived in bins of energy, In(m/E) and n. The large-R jet mass is calibrated to truth scale with
uncertainties smaller than 5% in phase spaces that are important to physics analyses in Run 2. More
details about the MC calibration and calibration performance are presented in Chapter 4.
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Global sequential calibration and in-situ calibration

After the MC calibration, the small-R jets are processed by a global sequential calibration (GSC). The
GSC [113] makes uses of several variables that carry information about calorimeter response to jets.
The correction is a function of jet properties binned in 7. The dependence of the response on these jet
properties are removed after applying this correction, without changing the mean of jet energy in each
bin.

The final step in the calibration chain is the in-situ calibration [114, 115]. The in-situ calibration is to
correct the data-MC difference and provide scale uncertainties. The calibration that had been done in
Run 1 and Run 2 dataset uses the R-track method. The method uses the double ratio of measurements
in data and MC to derive the correction factors,

_ (Xjet/Xref)data

= m (3.29)

trk

Here X can be jet mass, pt or substructure variables. The superscript "jet" refers to variables of the
jet. The superscript "ref" represents well measured reference objects like tracks, electrons or photons
that are produced together with the jet in the same pp collision. The in-situ pr calibration uses
Z+jets and y+jets events, where Z bosons decay to lepton pairs. The well measured Z or y works
as the reference object because their uncertainties is much smaller than the jet uncertainties. This
double ratio should be equal to unity if the simulation of jets agrees perfectly with data. Therefore
any derivation from unity can be treated as a scale uncertainty or a correction to the measurement in
data. Figure 3.19 shows the derived double ratio for large-R jet pr. The in-situ mass calibration use
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Figure 3.19: Double ratio of pt measurement for large- ~ Figure 3.20: Double ratio of mass measurement for

R trimmed jets reconstructed from LCW topo-clusters, ~ large-R trimmed jets reconstructed from LCW topo-
with JES and JMS calibration applied [115]. clusters, with JES and JMS calibration applied [115].

calorimeter and tracker measurements to derive the double ratio. Figure 3.20 shows the double ratio
of mass measurements derived from di-jet samples.
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Figure 3.21: Measured jet pt resolution for large-R jets in Run 2, as a function of pt in two 7 regions:
(a) |n] <0.8,(b) 0.8 <[] <2.0[115].

R-track method can be used to study several sources of uncertainties. The baseline uncertainty
accounts for the difference between data and the default MC generator. The modeling uncertainty is
derived with alternative MC generators. The tracking uncertainty accounts for the effect of various
tracking uncertainty sources. And the statistical uncertainty comes from the limited statistics in data
and simulated samples. For VH(bb) boosted analysis, the small-R jets had the in-situ calibration
available, the large-R jets did not have the in-situ calibration because it was not ready when the
analysis was done. For the VH(bb) legacy analysis, both small-R and large-R jets have the in-situ
calibration included.

The jet resolution o is defined by the standard derivation of the Gaussian fit to the jet response
distributions. The jet energy resolution (JER) is measured through the relative pr resolution o, /pt
after the calibrations, as the relative energy resolution is approximately equal to the relative pr
resolution. The pr resolution is estimated with the dijet balance method [115]. The measured relative
pr resolution is shown in Figure 3.21.

3.6 Missing transverse energy reconstruction

The neutrinos are invisible to the ATLAS detector. However, they can be indirectly identified through
the imbalance of the transverse momentum of an event. The missing transverse momentum, E%niss, is
defined as the imbalance of the total transverse momentum.

Ef™ = - ( D+ ZﬁT), (3.30)

selected soft
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Figure 3.22: Distributions of E%“SS for the samples of inclusive Z — uu (left) and W — ev (right) events in
data, compared to MC simulations [116].

where the "selected" includes all the identified objects such as leptons, photons and jets, the "soft"
includes all the remaining low-pt objects that are associated with the hard-scatter vertex. The
reconstruction of E;niss involves measurements from all the sub-detectors. Each kinds of object is
reconstructed with a dedicated algorithm. The reconstructed objects are combined following the order:
muons and electrons first, then photons, then hadronically decaying 7-leptons, jets and finally the soft
objects.

Unlike fully reconstructed and calibrated particles or jets, E%“iss reconstruction has a non-liner response.
The resolution is also complex due to the composition of different objects. Therefore the performance
of E‘TniSS reconstruction is assessed by comparing variables related to E%niss in data and MC. The
signal samples are Z — pu for a final state without genuine ET"*, and W — ev for a final states with
genuine E7™. Figure 3.22 shows the comparison of reconstructed Ef™* in data and MC for the two
final states. The data and MC simulations agree within 20% for the bulk of the EF™* distributions.
The only larger differences exist in high E3™* regions. The E7™ resolution is determined by the

width of the distribution of the differences between the measured E%“iss and the truth EITmSS’tr“e.

Resolution,(y) = RMS(E;‘E;S)S - E}‘:z;s)s’true). (3.31)

The resolution is measured with inclusive Z — uu samples and W — ev, W — uv samples.
Figure 3.23 shows the measured E%“i“ resolution. For the inclusive Z — uu sample, the resolution
slowly increases with the total transverse momentum. The resolution measured with W — ev and
W — uv samples are very similar. The MC simulations agree well with data.
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4 Calibration of reconstructed jet energy and
mass

The reconstructed jets have to be processed with several steps of calibration to calibrate the jet energy
and mass. One of the steps is the Monte-Carlo (MC) based calibration. The MC based jet energy
calibration (JES) is applied to both small-R jets and large-R jets. The MC based jet mass calibration
(JMS) is applied to large-R jets, and has been studied with small-R jets. This chapter describes the
procedure of MC calibration, and presents the calibration results of several jet collections.

4.1 Jet energy calibration

The MC JES calibration is derived in bins of pseudorapidity n and jet energy. The derivation follows
the same procedure in every n bins. MC calibration compares reconstructed jet energy to truth jet
energy, therefore the reconstructed jets need to be matched to the truth jets to start the calibration.
The selection of the matching procedure requires the angular distance between the reconstructed jet
and the truth jet being small,

AR(truth jet, reco jet) < 0.3 (0.1 for tracks), 4.1)
and both the reconstructed jet and the truth jet have to be isolated.

AR(reco jet, reco jet) > 1.5 X jet radius,

4.2
AR(truth jet, truth jet) > 2.5 X jet radius. 4-2)

The calibration can be divided in three major steps. In the first step, the algorithm derives the jet
energy response as functions of truth jet energy and pseudorapidity.

in bins of E"{¢,

<R> — <Erec0/Etrue> n R(Etrue’ 77) (43)
In the second step, the truth jet energy is replaced with the reconstructed jet energy estimated from
the truth jet energy times the energy response. The jet energy response as a function of reconstructed
jet energy and 7 can be used as the JES calibration factor.

. 1
calib _ reco
£ = R (E™ - REE™)) - BT, (4.4)

Finally, a closure test is applied using the derived JES factor to evaluate the calibration performance.
The following part of this section gives a detailed description of the first two calibration steps.
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4 Calibration of reconstructed jet energy and mass

The goal of the first step is to get the jet energy response R = E™°/E"™ as a function of E"™° and 7,
where E™ is the reconstructed jet energy, E'™ is the truth jet energy. The calibration is derived in
every i bins individually. The procedure of the derivation in one 7 bin can be summarized as:

1. Calculating the average of energy response R in every E'"™¢ bin. The average is evaluated using
Gaussian fit to the distribution of the energy response. The fit can be invoked three times to
optimize the fitting result. The fitting range is set to the mean value of the histogram plus and
minus 1.5 times of the root mean square (RMS) initially, then modified to the mean value of the
fitted function plus and minus 1.6 times its o if the first fit is successful. If the modified fitting
range exceeds the original, the original fitting range is kept.

2. Calculating the average of E'™¢ with the jets used in the fit of the response. Together with the
average of R, the algorithm gets a (R) vs (E"™) graph in every n bin.

3. Performing a fit to derive the response as a function of truth energy using the (R) vs (E™¢)
graphs. The methods of fitting are Polynomial regression [117] or a combination of grooming
and Polynomial regression. The grooming works as an extrapolation of the fitting range. The
model of the fit is a 8"-degree polynomial parameterized as:

R = po + p1 In(x) + pa[In(x)]? + ... + pg[In(x)]®. (4.5)
Here x is E™¢, and p; are the coeflicients derived from the fit.

This response function R(E"™¢, i) cannot be used as the JES factor directly because the scale factor
needs to be applied to reconstructed jet energy, while this response is a function of truth jet energy. A
numerical inversion is applied to transform the response into a function of reconstructed energy in the
second step.

The goal of the second step is to transform the response from a function of E™¢ to a function of E™°.
A numerical inversion technique is used, the procedure can be summarized as:

1. Calculating an estimated reconstructed energy for every reco-truth jet pairs,
Ereco(NI) — Etrue x R(Etrue 77)' (46)

This estimated energy is not the same as the E™ of the jet because it measures an average
deviation of the reconstructed energy from the truth energy, while the deviation of the original
E™ is not averaged.

2. Calculating the average of E™°ND ysing the same jets as the ones used in the fit of the response
in the first step. In other words, the fitted response in every E'™"® bin is not changed, but the
average of energy is replaced with (E™°NDY The algorithm gets a (R) vs (E™°NDY graph in
every n bin.

3. Performing a fit to the (R) vs (E™°NDY graphs to get energy response as a function of ET°ND,
using the same method as the first step.
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4.2 Jet mass calibration

The inverse of this function R(E™°ND, ) is the JES factor. For a jet with reconstructed energy E™°
and pseudorapidity n, the energy is calibrated as:

Ecalib — 1 . preco 4.7)
R( Ereco, 77) ’ :
where R(E™, 1) is the same function as R(E™°ND, ). Finally, a closure test is performed with the
calibrated jet energy to evaluate the calibration performance.

4.2 Jet mass calibration

The JMS calibration differs vastly from the JES calibration in binning and the methods to derive the
response, but the ideas are similar. The reconstructed large-R jet mass is also compared to truth jet
mass using the same selected reco-truth jet pairs. The mass response R, = m™®°/m'™¢ is derived
in bins of E, In(m/FE) and n. The JMS calibration starts from JES calibrated jets, the JES factor is
applied to both the reconstructed jet energy and the reconstructed jet mass.

Similar to the JES calibration, the JMS calibration can also be divided in three major steps. The
algorithm derives the mass response as functions of E™¢, In(m'™¢/E'™¢), 5 in the first step.

in bins of E¢,

<Rm> — <mreCO/mtrue> Rm (Etrue, ln(mtrue/Etrue), 77) . (48)

_—
ln(mlrue/Etrue)’n

In the second step, E™ is replaced with E¥®, which is assumed to be very close to the truth jet
energy. The truth jet mass is replaced with the estimated reconstructed jet mass. The inverse of jet
mass response as a function of the estimated reconstructed jet mass, £ and 7 is the JMS calibration

factor. |
calib reco
=" . 4.9
T R Ry " *9)
The third step is a closure test for evaluation of the JMS calibration performance. The following part

of this section gives a detailed description of the first and the second steps of the calibration.

The JMS calibration is derived in every n bins individually. In each 7 bin, the calibration proceeds by
calculating the average of R,, in every (E", In(m"™¢/E""¢)) bins. The average is calculated using
Gaussian fit to the distribution of R,,, when the statistics suffices. The Gaussian fit uses the same
method as the energy response fitting, but the fitting range is set to [0, 2] initially, and then modified
to the mean value of the fitted function plus and minus 1.3 times of its o. If the R, histogram does
not have enough entries, the average is evaluated with the mean of the distribution. Unlike the JES
calibration, the average of E'™¢ and In(m"™"®/E"™"®) are represented using the bin centers in the JMS
calibration. The results are 2D distributions of (R,,,) vs E'™'¢, In(m""¢/ E''¢),

The mass response distributions need to be smoothed to get ride of the sharp edges between neighboring

bins. The smoothing serves similar purpose compared to the fitting of (R) vs (E) graphs in JES

calibration. It uses a 2D Gaussian kernel smoothing [118] procedure. The smoothing works by

implementing this formula:

SN K(xo, x;)R(x;)
1 K (xo,x)

R(x0) = (4.10)
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4 Calibration of reconstructed jet energy and mass

where K(xg, x) is the Gaussian kernel, R(x;) is the mass response at x;, x is the scaled coordinates
for E and In(m/E). The Gaussian kernel is a Gaussian function of |x — x|, with its peak at xo and o

set to 0.3.
|x — xo?
-——. 4.11
exp( = 4.11)

K(xo, xi) = 5

The coordinates for £ and In(m/E) are scaled to be within [0,1]:

Xi — X0
X —

> 4.12)
Xmax — X0

where x can be E or In(m/ E), the subscript "0" represents the point that is being smoothed, the subscript
"i" represents other points in the graph. The kernel smoothing is applied to every points in the graph.
All the points within |x — x| < 0.3 are taken into account to calculate the kernel weighted average.

The smoothed R, distributions are used as mass response function Ry, (E'"™, In(m"™"¢/E'™®), n).

The second step of the JMS calibration transforms the mass response from functions of truth jet
parameters to functions of reconstructed jet parameters. The algorithm calculates an estimated
reconstructed jet mass for the numerical inversion:

mreco(NI) = mue R, (Etrue’ ln(mtrue/Etrue)’ 77) ) (4.13)

Then the average of Ry, is calculated in every (E calib I (preco™ND / calib)) bins using the same method
as in the first step. The results are distributions of R,, in bins of E¥P_ In(precoND /gealiby - Thege
R, distributions are also smoothed using the same method as in the first step. The final results are
smoothed R,, distributions in bins of E®, In(pm™cND /Eealidy for every 5 bins. Another option used
in the calibration of UFO jets is the direct numerical inversion. Instead of re-fitting the mass response
distributions, it modifies the y-axis of the R,, distributions from In(m"™¢/E'™®) to In(m"c°ND / gtrue)
directly.

A flattening requirement can be enforced to the inverse of Ry, to avoid sharp edges caused by purely
computational reasons.
d C( mreco(NI))

d mtrue

mtrue . O_(mtrue) <0.1, (414)

where C = 1/R,,,, and m"™"® - o(m'™°) is an equivalent to the width of m™°. In regions failed this
requirement, the value of dC/dm"™® is modified to 0.1/(m"™® - o-(m""¢)) to get rid of the sharp
edges.

The JMS factor is evaluated from the smoothed R,, distributions:

1
JES : m™® = RE=7) A (4.15)
N
mcalib — [Rm (Ecalib’ ln(mreCO/Ecalib)’ 77)] -l . mreco. (4.16)

Finally, a closure test is performed with the calibrated jet mass to evaluate the calibration performance.
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Figure 4.1: Distributions of energy response for LCTopo Trimmed jets, in bins of 7 at different E"® slices. The
values of R are evaluated from R vs E"® graphs derived in the calibration and the closure test.

4.3 Performance of the calibration

Several large-R jet definitions have been studied during the optimization of the jet reconstruction. The
MC JES and JMS calibration are derived for all the jet collections. This section presents the MC
calibration performance for large-R jets reconstructed from LCW scale topo-clusters, TCC objects
and UFO objects. A small-R jet collection for low pile-up environment is also studied, and can be
found in Appendix A.

4.3.1 R = 1.0 jets reconstructed from topo-clusters

The large-R jet collection used in many analyses including V H(bb) is built from local cell weight
(LCW) energy scale topo-clusters, denoted as LCTopo in the following of this section. The LCW
scale accounts for the energy loss in a hadronic shower. The MC calibration is able to calibrate the
jet energy to truth scale completely. The grooming algorithm applied to this jet collection is the
Trimming algorithm described in Section 3.5.3, with the parameters set to f.,r = 0.05, Ryyp = 0.2.

The JES calibration is derived in n bins from -3.0 to 3.0, with bin width of 0.1, and E bins from
60 GeV to 5000 GeV, with various bin widths. The MC samples used to derive the calibration are
QCD di-jet processes generated using Pythia 8. The calibration performance is evaluated through a
closure test that derives the energy response using the calibrated jet energy. The closure test derive
the calibrated R vs E"™° graphs with the same procedure as the first step of the calibration. The
distributions of energy response for uncalibrated jets and calibrated jets are shown in Figure 4.1. For
a given energy slice and 7 bin, the value of energy response is evaluated from the R vs E'™ graph at
the energy slice and the matched 7 bin. Figure 4.1 (a) is the energy response for uncalibrated jets.
Figure 4.1 (b) is the energy response for calibrated jets. The energy response becomes very close to
unity after the calibration, which means the average of E?®/E is very close to unity in the range
of the JES calibration. It proves the calibrated jet energy scale is very close to the truth jet energy
scale and the uncertainty is within 1%.
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4 Calibration of reconstructed jet energy and mass

Figure 4.2: Distributions of calorimeter-based mass response for LCTopo Trimmed jets, plotted in bins of E'™¢,
In(m"™1®/ E'™¢) at several |n| slices. The values are evaluated from R,, vs E™, In(m"™¢/E""*®), || histogram
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generated in the JMS calibration and closure test at given positions.
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Figure 4.3: Distributions of R, from closure test of JMS calibration derived with QCD di-jet samples applied
to W/Z jets for LCTopo Trimmed jet collection. The examples are in central || bin, with four representative
mass bins covering W boson mass, Z boson mass, Higgs boson mass and top quark mass.

The JMS calibration is derived in || bins from 0 to 3.0, with various bin widths of 0.1, 0.2, 0.25 and
0.3. The energy bins are from 200 GeV to 1200 GeV with bin width of 200 GeV, from 1200 GeV
to 4000 GeV with bin width of 400 GeV, and a final bin from 4000 GeV to 6000 GeV. The In(m/E)
bins are from -6.0 to O with various bin widths. The MC samples used in the derivation are the
same as the ones used in JES calibration. The JMS calibration performance is also evaluated through
a closure test that derives mass response using the calibrated jets. The derived mass response of
calibrated jets are stored in closure R, vs E", In(m'™¢/E"") histograms, so they can be compared
to the R, histograms generated in the first step of the calibration. The mass definition for LCTopo
jets is a combination of calorimeter-based mass m¥° and track-assisted mass m™, as described in
Section 3.5.3. Figure 4.2 shows the distributions of R,,, derived from m®¥° for uncalibrated jets and
calibrated jets. Calibration of m™ has similar level of performance. The mass response is close to
unity in most of the studied regions after the JMS calibration. The only non-closures in the R,, maps
occur in regions where In(m/E) and E are small. These regions correspond to jets with m < 40 GeV,
which is not used in the physics analyses in Run 2. These non-closures are caused by several factors.
The most important reason is the reconstructed mass itself becomes more and more inaccurate with
smaller mass, and the calibration performance depends on the precision level of the reconstructed
mass.

The MC calibration derived using QCD di-jet samples is tested with alternative MC samples to make
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Figure 4.4: Distributions of energy response for TCC Trimmed jets, in bins of 7 at different E™"° slices.

sure the calibration can be applied to jets originate from different processes. The alternative samples
are large-R jets originate from hadronically decayed W or Z bosons. The JMS calibration derived
with QCD di-jet samples is applied to W/Z jets in closure test. Examples of the calibrated mass
response distributions are shown in Figure 4.3. Calibration derived with di-jet samples has similar
level of performance when applied to alternative MC samples. The uncertainties can be limited within
5% in the regions that are important to Run 2 physics analyses. Some very high pr regions with
pr > 1500 GeV and n > 1.4 have larger non-closure due to limited statistics. The non-closures in
those regions do not affect the JMS calibration performance. LCTopo jet was selected as the standard
large-R jet definition in the ATLAS experiment and has been successfully used in physics analyses
including the boosted V H(bb) analysis.

4.3.2 R = 1.0 jets reconstructed from Track Calo Clusters

The large-R jets reconstructed from TCC objects were studied together with LCTopo jets. The MC
samples used in the derivation of the calibration are the same as the ones used in the calibration of
LCTopo jets, but the jets are reconstructed using a different definition, which is the TCC algorithm.
The grooming algorithm of this jet collection is Trimming as well.

The JES calibration and the JMS calibration for TCC jets have the same binning as the configuration
in LCTopo jet calibrations. The JES calibration performance is shown in Figure 4.4. The calibrated jet
energy scale is very close to the truth energy scale, with an uncertainty smaller than 1%. It is at similar
precision level as the LCTopo jets. The performance of JMS calibration for TCC jets is also similar to
LCTopo jets. Figure 4.5 shows an example of Ry, distributions for uncalibrated and calibrated TCC
jets. The calibrated mass response is close to unity in the regions that are important to physics studies.
However, the reconstructed mass of TCC jet is topology dependent. The QCD derived calibration
has around 10% non-closure everywhere when applied to W/Z jets, which can cause problems in
W/Z jet tagging. It means the reconstructed mass for QCD jets and W/Z jets with the same level
of truth mass are different, such difference cannot be calibrated at the same time. The difference in
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Figure 4.5: Example distributions of mass response for TCC Trimmed jets, plotted in bins of E™¢, In(m"™® / ™)
at || = 0.8.

reconstructed mass for jets with the same m"™° comes from the the TCC algorithm, which is topology

dependent so the different jet substructure can result in different reconstructed mass.

TCC jets did not become the default large-R jet collection in the ATLAS experiment. It was integrated
into UFO reconstruction. The topology dependence is reduced significantly with the UFO jets, which
is presented in the next section.

4.3.3 R = 1.0 jets reconstructed from Unified Flow Objects

Several kinds of jets built from UFOs are studied during the optimization process for a precision
recommendation that can be used in Run 3. The jet collections are reconstructed from UFOs with
pile-up mitigation algorithms CS and SK applied at cluster level, as described in Section 3.5.1. The
grooming algorithms are Soft Drop, Recursive Soft Drop and Bottom-Up Soft Drop. Trimming is
also studied as a backup. This section presents the calibration performance of the UFO CSSK Soft
Drop jet collection, which is the one recommended as the default in the ATLAS experiment. The
calibration performance of UFO jets with the other two Soft Drop algorithms are very close. The
decision of recommendation was made with the completed performance studies including cluster
reconstruction, jet calibration and tagging.

Three kinds of MC samples are used in the derivation and the evaluation of the calibration. QCD di-jet
processes generated by PYTHIA 8 generator is used in the derivation of JES calibration and the majority
of the JMS calibration. The other two processes: W — WZ and Z’ — tt generated by PYTHIA 8, are
used to provide large-R jets originate from W/Z boson decays and top quark decays. The events are
processed by different jet definitions to form the UFO jets with different grooming algorithms. The
JES calibration is derived in the same bins as the bins used in the calibration of LCTopo and TCC jets.
The distributions of energy response for uncalibrated and calibrated UFO Soft Drop jets are shown
in Figure 4.6. The energy response is very close to unity after the calibration, with an uncertainty
smaller than 0.05% in all the calibrated regions. The energy of UFO jets is calibrated better than
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Figure 4.6: Distributions of energy response for UFO Soft Drop jets, in bins of 7 at different E™ slices.
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Figure 4.7: Distributions of energy response for UFO Bottom-Up Soft Drop jets, in bins of i at different E"!®
slices.

LCTopo jets, as a result of better reconstructed UFO jet energy. The JES calibration performance
for UFO Bottom-Up Soft Drop jets is shown in Figure 4.7. The closure test result of Recursive Soft
Drop jets is almost identical as the result of Bottom-Up Soft Drop jets. The energy of these two jet
collections is calibrated to the same precision level as the standard Soft Drop jet collection.

The JMS calibration of UFO Soft Drop jets was originally derived using QCD di-jet samples. The
binning is the same as the ones used in JMS calibration of LCTopo and TCC jets. Figure 4.8 shows
the distributions of uncalibrated and calibrated mass response for UFO Soft Drop jets, in bins of E,
In(m/E) at different n slices. The calibrated mass response is close to unity in most of the studied
regions. Some regions with In(m/E) < 4 still has large non-closure after the calibration, due to the
inaccuracy of the reconstructed mass. These regions correspond to jet mass m < 40 GeV, so the
non-closure does not have effect on the performance of the calibration.

The topology dependence observed in the calibration of TCC jets still exits in regions with
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Figure 4.8: Distributions of mass response for UFO Soft Drop jets, plotted in bins of E™¢, In(m'™¢/ E™) at
several || slices. The values are evaluated from R,,, vs E'™, In(m""¢/E""®), |5| histogram generated in the
JMS calibration and closure test at given positions.
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Figure 4.9: Closure test results of the combined JMS calibration being applied to jets originated from W /Z
boson decays, top quark decays and QCD processes for UFO Soft Drop jet collection. The examples are in
central |n7| bin, with four representative mass bins covering W boson mass, Z boson mass, Higgs boson mass
and top quark mass.

pr < 500 GeV in the calibration of UFO jets. The maximum non-closure can reach 10% at
low pt when apply JMS factors derived using QCD di-jet samples to W/Z jets. To reduce the
non-closure in the calibration of W/Z jet mass, the final JMS factors in pt < 500 GeV are replaced
with JMS factors derived using W/Z jet samples. The rest of the JMS factors in pt > 500 GeV are
still derived using QCD di-jet samples to get sufficient statistics in a wide mass range. The combined
JMS calibration has large non-closure when applied to QCD jets in pr < 500 GeV, but the non-closure
can be limited within 5% when applied to W/Z jets. The non-closure in the calibrated QCD jet mass
can be tolerated because it does not have a physics hypothesis. Figure 4.9 shows the closure test
results of the combined JMS calibration being applied to jets originated from W/Z boson decays,
jets originate from top quark decays and QCD jets themselves. The combined calibration is able
to calibrated W/Z jets and top jets mass with uncertainties limited within 5% in regions that are
important to Run 2 physics analyses.
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5 Measurement of boosted VH(H — bb)
process

The boosted VH(bb) analysis is developed to explore very high transverse momentum phase spaces,
where the decay products of the Higgs boson can be reconstructed as a large-R jet. The vector boson
decays leptonically to provide efficient rejection of the multi-jet background. The measurement is
divided to three channels depending on the number of charged leptons in the final state: O-lepton
(Z — vv), 1-lepton (W — [v), 2-lepton (Z — [I). The dominant backgrounds in the analysis are
vector boson (W, Z) + jets production and top pair production. The other backgrounds are single
top production, diboson production and multi-jet processes. Except the multi-jet background, all
the signal and background processes are estimated using simulation. This chapter gives a detailed
description of the boosted VH(bb) analysis, including the data and simulated samples, the event
selection and categorization, the statistical treatment and the final results.

5.1 Data samples and simulated event samples

5.1.1 Dataset and triggers

The data used in the analyses described in this thesis were collected by the ATLAS detector during full
Run 2 (2015-2018) period of the LHC. The full Run 2 dataset corresponds to an integrated luminosity
of 139 fb~! at 4/s = 13 TeV. The data events have to pass the Good Run List (GRL), which is a list of
luminosity blocks when all systems of the ATLAS detector were functioning well.

The triggers used to select events in the boosted V H(bb) analysis are E%‘iss trigger and single electron
triggers. As described in Section 1.2.4, the analysis has three channels depending on the number of
charged leptons in the final state: O-lepton channel ZH — vvbb, 1-lepton channel WH — Ivbb and
2-lepton channel ZH — [1bb. The E%niss trigger is used in OL channel and all the muon sub-channels.
The single electron trigger is used in 1L and 2L electron sub-channels. The muon sub-channels can
use E%m“ trigger because muons are not included in the definition of E%niss at trigger level. The choice
of EI"™* trigger over single muon trigger in muon sub-channels is based on the higher efficiency
of Ef"* trigger in regions not covered by the muon trigger and regions with gaps between muon
chambers.

The transverse momentum of Z boson in OL channel is reconstructed as E%“iss, since the Z boson
decays to two neutrinos. The E7™* trigger used in data taking has an online threshold between 70 GeV
and 110 GeV depending on the data taking period. The muon sub-channels use the same E7"™ trigger.
In electron sub-channels, the events have to pass the lowest pr un-prescaled single electron trigger.
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Figure 5.1: Measured L1 and HLT E}ni“ trigger efficiency for each year in Run 2, as a function of pr of the
di-muon system [119].

E%‘iss trigger

The E%‘iss trigger [119-122] is based on the momentum imbalance only in the calorimeter. Muons
deposit very little energy in the calorimeter, so they are treated like neutrinos in the calculation. The
trigger algorithm calculates the sum of Et in all trigger towers at L1 level. An online threshold is
applied to the towers: any towers with energy below this threshold is set to zero in the calculation.
The L1 trigger can select events with E%‘iss > 150 GeV effectively.

The events selected by the L1 trigger are passed to the HLT. The HLT algorithm calculates E;niss
from calibrated R = 0.4 jets. The pile-up removal and the calibration of jet energy have similar
procedures as the calibration in off-line jet reconstruction. The value of Efr“iss is calculated as the
negative transverse momentum vector sum of all jets with pt above 7 GeV.

The trigger efficiency is defined as the fraction of events passing the trigger in the selected events
measured in bins of E;"iss. The E%"iss trigger efficiency is measured in Z — pu samples. The off-line
event selection requires the two muons with pt > 25 GeV, and the invariant mass of the di-muon
system between 66.6 GeV and 116.6 GeV. The trigger efficiency is measured as a function of pt of
the di-muon system. Figure 5.1 shows the efficiency of L1 E%niss trigger and the efficiency of HLT
ET"™ trigger. The efficiency reaches over 90% for pr > 150 GeV.

Single electron trigger

The lowest pr un-prescaled single electron trigger [123] is used to select events in all the electron
sub-channels. The L1 electron trigger uses calorimeter information in the central region (|r7| < 2.5) to
build Rol. The Rols are consisted of 2 x 2 trigger towers with granularity of 0.1 X 0.1 in 7 and ¢. The
energy of the trigger towers is calibrated at electromagnetic scale. A transverse energy threshold is
applied to the nearest neighbor towers of the trigger tower. The Et threshold can be r-dependent, it
was around 20 GeV in Run 2.
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Figure 5.2: Evolution of the single electron trigger efficiency as a function of the offline electron Et [123].

The HLT electron trigger reconstructs clusters from the calorimeter cells in regions slightly larger
than the Rols identified at L1. The electron candidates are identified through tracks matched to the
corresponding clusters. The electron identification in trigger is designed to be as close as possible to
the off-line electron identification used in analyses, with a few necessary differences. The identification
algorithm relies on a multivariate analysis using likelihood method. Four efficiency working points
are provided: ‘lhvloose’, ‘lhloose’, ‘lhmedium’, and ‘lhtight’. An optional isolation requirement that
is similar to the electron isolation in the off-line reconstruction can also be applied in the trigger. The
isolation requires the sum of pt of all the quality tracks within a cone around the electron candidate
smaller than 10% of the electron pt. The nominal Et threshold in the HLT triggers is 24 GeV in 2015
and 26 GeV in 2016, 2017 and 2018. Other thresholds at 60 GeV and 140 GeV (120 GeV in 2015) are
also implemented.

The trigger efficiency is measured in an unbiased Z — ee sample selected using the tag-and-probe
method. Figure 5.2 shows the single electron trigger efficiency in 2015-2018. The efficiency reaches
over 95% for electrons with Et larger than 60 GeV.

5.1.2 Simulated events

Simulated samples of VH signal and backgrounds are used to determine the expected signal and
background distributions. The simulation is based on theoretical calculations using the SM predictions.
Systematic uncertainties are also taken into consideration in the simulation. The signal processes
in boosted VH(bb) analysis include g¢ — ZH, gg — WH and gg — ZH. The major background
processes are V+jets, top quark pairs, single top, diboson and QCD multi-jet. Except QCD multi-jet,
all the other backgrounds are estimated using simulation. The QCD multi-jet process is estimated
from data because the cross section of this process is very large and the rejection rate of this process
is very high. The effects from pile-up are take into account by overlaying the simulated samples with
minimum bias events, which are simulated inelastic scattering events with as little selection bias as
possible.
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The simulation starts from generating physics process using MC event generators. At the generation
level, the event contains information of the particles in the generated physics process. Then the actual
simulation begins, it simulates the energy depositions of the particles in the ATLAS detector. Finally,
the simulated events are digitized and reconstructed in the same way as the reconstruction of data
events. The simulated samples for 2015 and 2016 data taking period are referred to as MC16a samples,
2017 data taking period are referred to as MC16d samples and 2018 data taking period are referred
to as MC16e samples. The three data taking periods have the same generator configuration, but the
pile-up configuration is different.

Several kinds of MC event generators are used in the simulation. Some are multi-purpose generators
that are able to model a variety of processes. Others are specialized generators that are better at
modeling specific processes. Every process have their best suited generator based on the strength of
the generator. The generators used in the simulation for VH(bb) analysis are

* POWHEG [124, 125]: An event generator that can generate the hard radiations using the exact
next-to-leading order (NLO) matrix elements. It is often interfaced to other generators that
simulate parton showers.

* PyTHIA [126]: A multi-purpose generator that can model all the components of the total cross
section in hadronic collisions, including elastic, diffractive and non-diffractive topologies. It is
often used to model parton showers, and the pile-up events.

* SHERPA [127, 128]: A general purpose event generator that is capable of simulating complete
final states in high energy particle collisions. The physics processes that can be simulated with
SHERPA cover all reactions in the SM.

* HErRWIG [129, 130]: A general purpose event generator for simulation of high energy particle
collisions with special emphasis on the accurate simulation of QCD radiation. It is not used
as a stand alone generator in the simulation for VH(bb) analysis, but many samples generated
with PyTHIA are also generated with HERWIG to evaluate the modeling systematic uncertainties.

* MADGRAPH [131]: An event generator for automatically generating matrix elements for 2 — n
scatterings. It is not used as a stand alone generator in VH(bb) analysis, but also for evaluating
systematic uncertainties.

The simulated samples are generated with different combinations of the generators. The events are
weighted to match the integrated luminosity of the data taking periods in Run 2.

Signal processes simulation

The VH signal processes of VH(bb) analysis include g — VH and gg — VH. The leading
order (LO) Feynman diagram of g¢ — V H is shown in Figure 5.3. Three kinds of processes are taken
into account: g¢ — ZH — vvbb, qqg — WH — lvbb, gqg — ZH — l1bb, where [ can be e, u, T,
corresponding to the main V H signal processes in OL, 1L and 2L channel. The ZH signal can also be
produced through gg — ZH processes. The LO Feynman diagrams are shown in Figure 5.4. The
production is mediated by a top quark loop.
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Figure 5.3: Leading order Feynman diagram of gg — V H processes.
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Figure 5.4: Leading order Feynman diagrams of gg — ZH processes.

The quark-induced V H signal samples are generated using POWHEG event generator with Multi-Scale
Improved NLO (MiNLO) procedure [132], applying the AZNLO tune [133] with NNPDF3.0 [34]
parton distribution function (PDF). The events are interfaced to PYTHIA 8 generator for modeling of the
parton showers. The gluon-induced VH signal samples are generated using POWHEG event generator,
also applying the AZNLO tune with NNPDF3.0 for the matrix element. PYTHIA 8 generator is used as
interface to the event for modeling of parton showers. All the simulated samples are normalized to
the best available theoretical prediction for the cross section where the Higgs boson mass is fixed to
125 GeV. The cross section of WH production is calculated at next-to-next-to-leading order (NNLO)
for QCD processes and NLO for electroweak processes. The inclusive ZH production cross section is
also calculated at NNLO for QCD and NLO for electroweak. The cross section of gluon-induced
processes for ZH production is calculated at NLO, then the cross section of quark-induced processes is
obtained from the difference between the inclusive ZH production cross section and the gluon-induced
Z H production cross section to avoid double counting. The gg-initiated process has small contribution
to the signal events. It is taken into account in gg-initiated production at NLO. The MC generators
and cross sections of these signal processes are summarized in Table 5.1 [36].

Background processes simulation

Simulated background samples of the V H(bb) analysis include vector boson (W, Z) + jets production,
top quark pair production, single top production and diboson production. The production of V+jets is
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Process Generator 0% BR [fb]
gq — ZH — vvbb  PowHEG MiNLO + PyTHiA 8 (NNPDF3.0) 89.08
qq — WH — I*vbb  PowHEG MiNLO + PytHia 8 (NNPDF3.0) 164.6
qq — WH — ["vbb  PowHEG MiNLO + PyTHIA 8 (NNPDF3.0) 104.5
qq — ZH — 1lbb  PowHEG MIiNLO + PyTHIA 8 (NNPDF3.0) 44.84
gg — ZH — vvbb POWHEG + PyTHIA 8 (NNPDF3.0) 14.30
gg — ZH — I*1I7bb POWHEG + PyTHIA 8 (NNPDF3.0) 7.23

Table 5.1: MC event generators and cross sections of simulated VH signal processes used in Run 2.

q q

Figure 5.5: The lowest order Feynman diagrams for Z+jets and W+jets production at the LHC.

Process Generator ox BR [pb]
V+jets (Z — vv)  SHERpa 2.2.1 56280 x 0.200
V+jets (W — lv)  SHERpA 2.2.1 183600 x 0.325
V+jets (Z/y+ — 1) SHERPA 2.2.1 61940 x 0.101 (my; > 40 GeV)

Table 5.2: Event generators and cross section times branching ratio for simulated V+jets samples in Run 2.

the dominant background in all the sub-channels. It can be produced through a variety of processes.

Figure 5.5 shows the lowest order Feynman diagrams for Z+jets and W+jets.

The production of V+jets is simulated with SHERPA 2.2.1 using NNPDF3.0 parton distribution functions
for both the matrix element and the parton shower tuning. The samples are normalized using cross
sections calculated at NNLO. The event generator and the SM predicted cross sections are summarized

in Table 5.2.

The analysis aims to explore high pr phase space. In order to generate sufficient statistics in high
pr regions, the simulation of V+jets samples are split in several max(Hr, p‘T/) regions, where Hr
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Figure 5.6: The lowest order Feynman diagram of top quark pair production at the LHC.

Process Generator ox BR [pb]
tf POWHEG + PYTHIA 8 831.76
Single top

s-channel = PowHEG + PytHIA 8  10.32 % 0.325
t-channel = POWHEG + PyTHIA 8 216.96 X 0.325

Wt-channel POWHEG + PYTHIA 8 71.7

Table 5.3: Event generator and cross section times branching ratio used in simulation of ¢f and single top
production in Run 2.

is defined as the scalar pr sum of all parton level jets with pr > 20 GeV. The V+jets samples are
produced in slices of max(Hr, p‘T/ ):

[0 —70, 70 — 140, 140 — 280, 280 — 500, 500 — 1000, > 1000] GeV. 6D

Additionally, the analysis requires two b-tagged jets in the final states. Several flavor filters are applied
to provide sufficient heavy flavor events. The filters require at least one b-hadron or c-hadron. The
dominant V+jets background is a vector boson associated with heavy flavor (HF) jets, including bb,
bc, bl, cc.

The other dominant background in OL channel and 1L channel is the top quark pair production. The
lowest order Feynman diagram of top quark pair production is shown in Figure 5.13. The 7 samples are
generated with POWHEG using NNPDF 3.0 for matrix element. The events are interfaced to PyTHIA 8
using NNPDF 2.3 parton distribution functions for parton showering. The samples are normalized
using cross sections calculated at NNLO accuracy, including resummation of next-to-next-to-leading
logarithmic (NNLL) soft gluon terms [134]. The generator and cross section of ## simulation are
shown in Table 5.3. A Filter that requires at least one of the W boson decays leptonically is applied
in the simulation to removes events that will be reject in event selection of the analysis. E%m“ filter
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Figure 5.7: The lowest order Feynman diagrams of single top production at the LHC.
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Figure 5.8: Example Feynman diagram of the lowest order gg — V'V processes at the LHC.

is also used in the generation of di-lepton ¢f samples to remove events with less than two W bosons
decay leptonically and provide sufficient statistics for the VH(bb) analysis.

Single top quark production has three channels: s-channel, #-channel and W¢-channel. Figure 5.7
shows the lowest order Feynman diagrams of these single top quark processes. The single top
background events enter the signal regions of VH(bb) analysis due to the semileptonic decay of the
top. The samples are generated using POWHEG with NNPDF 3.0 as the matrix element, and interfaced
to PyTHia 8 using NNPDF 2.3 parton distribution functions for parton showering. The single top
samples are normalized using cross section calculated at NLO. A lepton filter is applied in generation
of s-channel and ¢-channel single top samples to require the W boson from top decays leptonically.
The samples of W¢-channel has no filter or a di-lepton filter applied to require both of the W boson
decays leptonically. A dedicated removal is set to avoid the double counting between the two kinds of
samples in W¢-channel.

Semi-leptonic diboson production has a variety of processes, including gg — WW, gg — WZ,
qq — ZZ,gg — WW and gg — ZZ. One of the vector boson decays leptonically, the other one
decays hadronically. Figure 5.8 is an example of the lowest order Feynman diagram of gg — VV
process. The diboson samples are generated using SHERPA 2.2.1 with NNPDF 3.0 parton distribution
functions for matrix element and parton showering. Samples for quark induced diboson with less than
two jets are normalized using cross section calculated at NLO accuracy. Samples for diboson with
two jets or three jets are produced to LO accuracy. Additionally, loop induced gg — V'V samples
are produced using LO accurate matrix element for final states with less than two jets. The event
generator and cross section used in simulation of diboson samples are shown in Table 5.4.
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Process Generator ox BR [pb]
qq — WW — qqlv SHERPA 2.2.1  112.6 X 0.439
qq > WZ — lvqq SHERPA 2.2.1  50.3 x 0.227

— qqvv SHERPA 2.2.1  50.3 x0.135

— qqll SHERPA 2.2.1  50.3 x 0.0683
qq — 27 — qqll SHERPA 2.2.1  15.57 X 0.140

— qqvv SHERPA 2.2.1  15.57 x 0.280
gg - WW — qqlv SHERPA 2.2.2 4.8 X 0.439
88 = ZZ —qqllorgqvy SHERPA2.22 1.57%0.420

Table 5.4: Event generator and cross section times branching ratio used in simulation of diboson samples in

Run 2.
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5 Measurement of boosted VH(H — bb) process

5.2 Event Selection

The event selection of VH(bb) analysis is to select regions with optimized signal background ratio, the
so-called signal region. Regions dominated by a kind of background can also be selected to provide
constraints on background events in the fitting, which is denoted as the control region. VH(bb)
boosted analysis has 10 signal regions and 4 top-enriched control regions defined. The development
and optimization of the event selection were conducted without using the actual data to avoid bias
in the selection, known as the "blinded analysis" policy. This section describes the baseline event
selection, the tagging of Higgs candidates and the event categorization.

5.2.1 Higgs boson identification

The Higgs bosons decayed to b quark pairs are considered in the VH(bb) analysis. To identify events
with H — bb decay, it is necessary to identify jets containing h-hadron decay products. The angular
distance between the two b-jets originate from the Higgs boson decay depends on the Higgs boson
pt. Figure 5.9 is an illustration of the two b-jets from the decay of Higgs boson with low and high
pr- The AR between the two b-jets is approximately 2mpy / pt, where mg = 125 GeV. The two b-jets
can be separated clearly when pr is not very large. When pr increases to 250 GeV, the two b-jets
start to merge into a large-R jet, which is the boosted topology. Therefore, the decay products of the
Higgs boson is reconstructed as a large-R jet, the b-jets are recovered using variable radius (VR) track
jets. The selection of the Higgs boson candidates in VH(bb) boosted analysis requires at least two
track jets matched to the leading large-R jet, and the two leading track jets have to be b-tagged. The
selection is further optimized in V H(bb) legacy analysis, introduced in Section 5.6.

B-tagging

The algorithm used to identify track jets containing b-hadron decay products in VH(bb) boosted
analysis is a multivariate method MV2c10 [135, 136]. It is upgraded to a combined b and c-tagger in
the VH(bb) legacy analysis. This section describes the MV2c10 b-tagging algorithm.

R=04 ¥
4 "B hadron

/ - boost
- B hadron
: T
R=04

Figure 5.9: Tllustration of b-jets from the decay of Higgs boson.
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5.2 Event Selection

The b-hadrons have a lifetime of the order of 1.5 ps, corresponding to a significant mean flight length
in the detector ({I) = Byct) before decaying. This feature leads to at least one vertex displaced from
the hard scattered interaction point. The b-tagging algorithms make use of the displaced vertex to
identify jets originate from b-hadron. The algorithms can be divided into low-level and high-level.
The low-level algorithms reconstruct the charged particle tracks associated with a hadronic jet, then the
algorithms combine the tracks to explicitly reconstruct displaced vertices. The high-level algorithms
combine results from the low-level algorithms to get the maximum performance.

The tracks are matched to jets using the angular distance AR between the track momenta and the jet
axis. The AR requirement varies as a function of jet pr, being wider for lower jet pr, and narrower
for higher jet pr. The closest jet would be chosen if more than one jets can be matched to a track.
These low-level algorithms are IP2D and IP3D [136], which are taggers based on a log-likelihood
ratio discriminant separating tracks associated to jets. The IP2D tagger uses the signed transverse
impact parameter significance dy/cg, as the discriminating variable. The IP3D tagger uses both the
signed transverse impact parameter significance and the longitudinal impact parameter significance
20 8in 0/ 0 sing, in a two dimensional template to account for their correlation.

The secondary vertex finding algorithm SV1 [137] reconstructs a single displaced vertex in a jet. The
SV1 algorithm identifies all the possible vertices with at least two tracks. All the tracks associated
to the jet are taken into account, except tracks originate from long-lived particles decay, photon
conversions or hadronic interactions with detector material. The track to vertex association is evaluated
iteratively using a y? test. In each iteration, the track with the largest y? is removed and the fitting of
vertex is repeated, until a vertex with acceptable y? in the fit and an invariant mass less than 6 GeV is
found.

To get maximum performance from the b-tagging algorithms, the results obtained from these low-level
algorithms are combined using multivariate classifiers. The MV2 algorithm, used in the b-tagging
of VH(bb) boosted analysis, is based on a boosted decision tree (BDT). The BDT is trained using
simulated ¢7 and Z’ samples containing b-jets. The BDT hyperparameters have been optimized to
provide the best separation power between b-jets and c-jets or light jets. The fraction of b-jets, c-jets
and light jets as a function of the MV2 discriminant is shown in Figure 5.10.

The b-tagging efficiency is defined as the fraction of b-jets passing the selection. For MV2 tagger,
the selection is a simple fixed cut on the discriminant. The b-tagging discriminant distribution is
divided into five bins, with the boundaries defined at b-tagging efficiency working points (WP) for
85%, 77%, 70%, 60%, bounded by the trivial 100% and 0% selections. The background jets rejection
rates for different b-tagging WPs are shown in Table 5.5. The b-tagging algorithm can be applied
to small-R jets and track jets. The tagging of track jets originate from b-hadrons is essential to the
VH(bb) boosted analysis.

Selection of Higgs boson candidate

As described in previous sections, the decay products of the Higgs boson are reconstructed as large-R
jets. Therefore, the events in all the channels are required to have at least one large-R jets. The large-R
jet with the highest pt, denoted as the leading large-R jet, is used when more than one large-R jets
exist. The events are required to have at least two VR track jets matched to the leading large-R jet.
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Figure 5.10: Distribution of the MV2 discriminant for b-jets, c-jets and light jets evaluated from simulated ¢7

samples [135].

Rejections
Efficiency | Cut value

c-jet | T-jet | light jet
60% > 0.94 23 140 1200
70% > 0.83 8.9 36 300
77% > 0.64 4.9 15 110
85% >0.11 2.7 | 6.1 25

Table 5.5: Background jets rejection rates for different b-tagging efficiency working points, computed from
simulated 7 samples [135].
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Figure 5.11: Distributions of mj in the inclusive signal region in 250 GeV < p‘T/ < 400 GeV for b-tagging
efficiency WP: 60%, 70%, 77%, 85%. The distributions are plotted in OL channel. Data points in bins with
more than 5% signal events are not shown to follow the "blinded analysis" policy at this stage.

The matching process uses a "ghost-association" technique [138]. The matching is done with respect
to the ungroomed large-R jets, mimicked by adding soft "ghost" constituents with infinitely small
momentum to the jet. The ghosts do not affect the reconstruct jet because the transverse momentum is
at least an order smaller than the jet constituents. The matching is integrated into the reconstruction
of the jets, the track jets have to be contained in the large-R jet areas with the presence of the ghost
constituents.

The b-tagging is applied to all the track jets. The two leading track jets matched to the leading large-R
jet have to be b-tagged. The four b-tagging efficiency WPs have been studied and the one with the
best expected significance is selected. Figure 5.11 shows the my distributions in the inclusive signal
region (SR) in 250 GeV < p¥ < 400 GeV for different b-tagging efficiency WPs, with the baseline
event selections applied. The distributions for WPs at 60%, 70% and 77% are similar, while the 85%
WP results in a significant increase of the V+jets background. The performance of these different
efficiencies is evaluated through expected significance from fitting using m; as the final discriminant,
with flavor tagging systematics considered; and also through s/Vb, where s and b denote the number
of signal and background events in the inclusive SR in p‘T/ > 250 GeV and 100 GeV < my < 140 GeV.
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5 Measurement of boosted VH(H — bb) process

b-tagging WP 60% | 70% | 77% | 85%
s/\b 2.02 | 2.09 | 2.04 | 1.77

Expected significance | 1.67 | 1.73 | 1.69 | 1.43

Table 5.6: Significance and s/ Vb in OL channel for b-tagging efficiency WP: 60%, 70%, 77%, 85%. The
significance is calculated from fitting using m; distributions, with flavor tagging systematics.

The expected significance is the significance calculated from fitting with a representative dataset
created from the simulated signal and background samples, without using the actual dataset. Table 5.6
presents the significance and s/Vb for all the b-tagging efficiency WPs. The b-tagging efficiency at
70% has the largest expected significance and s/Vb among all the tested WPs. It is selected as the
optimal h-tagging efficiency WP for VH(bb) boosted analysis. Events with no b-tagged track jets,
one b-tagged track jet and two b-tagged track jets compose the O-tag category, 1-tag category and the
2-tag category. Only events in the 2-tag category are considered in the fitting as these regions have the
largest sensitivity.

5.2.2 Baseline event selection

The baseline event selection is applied to data and simulated samples after the events passed the quality
criteria, including the GoodRunList (data only), number of primary vertex and bad jet rejection. Then
the events are selected based on the number of charged leptons in the final state. The analysis has
three sub-channels: O-lepton, 1-lepton and 2-lepton channel. The event selection is designed for each
sub-channel based on their kinematic features. The trigger requirements are applied as described in
Section 5.1.1. The vector boson transverse momentum p‘T/ is required to be larger than 250 GeV in the
stand alone VH(bb) boosted analysis. The events are required to have at least one large-R jet with
pr > 250 GeV, |n| < 2 and my > 50 GeV. At least two track jets with pr > 10 GeV, || < 2.5 need
to match to the leading large-R jet, and both of the two leading track jets are b-tagged, as described in
the Section 5.2.1. All the baseline event selection requirements are listed in Table 5.7.

0-lepton channel

The baseline event selection in 0-lepton (OL) channel requires zero V H-loose lepton, which is electron
identified at Loose working point with Loose isolation requirement or muon identified at Loose
working point with fixed cut Loose isolation requirement. The kinematic requirement on V H-loose
electrons are pr > 7 GeV, |n| < 2.47, |dy/o(dp)| < 5 and |zg sin 8| < 0.5 mm. VH-loose muons are
required to pass pt > 7 GeV, |n| < 2.7, |dy/o(dp)| < 3 and |zg sin 8] < 0.5 mm.

In addition to the Higgs tagging selection and p‘T/ cut, OL channel has several cuts to suppress multijet
background. The multijet background enters the signal region due to jet energy mis-measurement. As
a result, the E%“i“ is more likely to be aligned with the mis-measured jet. The cuts used to suppress
multi-jet background are:
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Selection OL channel 1L channel 2L channel
e channel ‘ 4 channel e channel ‘ u channel
Trigger Efrmss single electron ‘ E%mss single electron ‘ E%mss
Leptons 0 VH-loose lepton 1 WH-signal lepton 2 VH-loose leptons
no second V H-loose lepton at least 1 ZH-signal lepton
pt > 27 GeV ‘ pT > 25 GeV pr > 27 GeV
- ‘ opposite sign
Y pY > 250 Gev
Large-R jet at least 1 large-R jet, pr > 250 GeV, || < 2.0
Track jet at least two track-jets, pt > 10 GeV, |p| < 2.5, matched to the leading large-R jet
b-tagging leading two track jets matched to the leading large-R jet have to be b-tagged
my > 50 GeV
Emiss same as p\T/ > 50 GeV - -
min[A¢(E¥‘iss, small-R jets)] > 30° -
A¢(E¥’iss, large-R jets) > 120° -
AG(ESS, piiss) < 90° -
AY(V,large-R jet) - |AY(V,large-R jet)| < 1.4
nmyy - 66 GeV < my; < 116 GeV
Lepton pt imbalance - (plll - pfrz)/ p% <0.8

Table 5.7: Baseline event selection requirements in all the sub-channels of boosted V H(bb) analysis.

¢ min [A(;)(EIT‘”SS, small-R jets)] > 30°, where small-R jets refer to R = 0.4 jets with pr > 70 GeV,
|7| < 4.5 not matched to the leading large-R jet.

. A(/’)(ETmiSS, large-R jets) > 120°.

. A(/’)(E%ﬁss, pITniSS) < 90°, where pITniSS is the missing transverse momentum reconstructed from

tracks.

These cuts are fine tuned to reduce the multijet background to a negligible level in OL channel.

1-lepton channel

The event selection in 1-lepton (1L) channel requires exactly one W H-signal lepton. The W H-signal
electron is identified at Tight working point with the calorimeter-based HighPtCaloOnly isolation
requirement: E%‘meo'z < max(0.015p, 3.5 GeV). The electron is required to have pr > 27 GeV,
In| < 2.47, |do/o(dy)| < 5 and |zp sin ] < 0.5 mm. The WH-signal muon is identified at Medium
working point with the track-based HighPtTrackOnly isolation requirement: p%"“em < 1.25 GeV.
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5 Measurement of boosted VH(H — bb) process

The kinematic requirements of W H-signal muons are pt > 25 GeV, |n| < 2.5, |do/o(dp)| < 3 and
|zosin 6] < 0.5 mm. A veto on any additional V H-loose lepton is applied.

Except the common selections in all the sub-channels, a cut requires ETmiSS > 50 GeV is applied in
electron sub-channel to suppress the multijet background. The remaining multijet background in 1L
channel is estimated from data. The absolute difference in rapidity between the vector boson and the
large-R jet |AY (V, large-R jet)|, is able to further discriminate between signal and backgrounds. The
optimized value of this cut is [AY(V, large-R jet)| < 1.4. The z-component of the neutrino momentum
used to calculate the rapidity of W boson is obtained from the W-mass constraint that minimizes the
difference in longitudinal boosts of the reconstructed W boson and the large-R jet, |55, — B}, |, where

B7 is defined as p, /+/p2 + m?.

2-lepton channel

The event selection in 2-lepton (2L) channel requires exactly two same flavor V H-loose leptons, and at
least one of the two have to be ZH-signal lepton. The V H-loose lepton requirement is the same as the
requirement in OL channel. The ZH-signal lepton is electron identified at Loose working point with
Loose isolation requirement or muon identified at Loose working point with fixed cut Loose isolation
requirement. The electrons are required to have pt > 27 GeV, |n| < 2.47, |dy/o(dpy)| < 5 and
|zo sin 8] < 0.5 mm. The muon selection requirements are pt > 27 GeV, |n| < 2.5, |dy/o(dp)| < 3
and |zo sin 8] < 0.5 mm. The selected muons are required to have opposite charge, while the selected
electrons are not required due to higher rate of electron charge mis-identification.

Several additional cuts are applied in 2L channel other than the p‘T/ cut and the Higgs tagging
requirements. A Z mass window cut is applied to the invariant mass of the di-lepton system:
66 GeV < my; < 116 GeV. The cut AY < 1.4 found useful in 1L channel can also further discriminate
between signal and backgrounds in 2L channel. This cut can suppress Z+jets background, which is
the dominate background in 2L channel. The other cut that is used to suppress Z+jets background is

Q - plTZ) / p% < 0.8, where p? and psz are the lepton transverse momentum. This variable is found to
be sensitive to Z boson polarization, which is different between ZH and Z+jets processes.

5.2.3 Event categorization

After applying the baseline event selection and the Higgs tagging selection, the events are categorized
into several signal regions and control regions. The categorization is based on p‘T/ , number of small-R
jets not matched to the leading large-R jet and number of b-tagged track jets not matched to the
leading large-R jet.

pY splitting
The splitting based on vector boson transverse momentum is common for all three sub-channels. The

p‘T/ threshold for VH(bb) boosted analysis is 250 GeV. The regions in p‘T/ > 250 GeV are split to
medium pY’ (250 GeV < pY < 400 GeV) and high pY. (pY > 400 GeV) regions. The py. splitting is
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Figure 5.12: Number of small-R jets not matched to the leading large-R jet in OL channel and 1L channel. Data
points in bins with more than 5% signal events are not shown to follow the "blinded analysis" policy at this
stage.

based on the fact that phase spaces with higher transverse momentum have higher signal-to-background
ratio. The higher signal-to-background ratio improves the significance of the fitting. Additionally, the
higher transverse momentum region can be more sensitive to potential BSM effects.

Signal region categorization

The signal regions (SR) in OL channel and 1L channel are required to have no b-tagged track jets
outside the leading large-R jet to enhance the top background rejection, while the signal regions in 2L
channel do not have this requirement because 2L channel has very little top background.

The SRs in OL channel and 1L channel are further categorized based on the number of small-R jet not
matched to the leading large-R jet, denoted as additional calo jets. The small-R jets are matched to
the large-R jet if AR < 1.0. Figure 5.12 shows the distributions of number of additional calo jets in
OL channel and 1L channel. A high purity signal region (HP SR) and a low purity signal region (LP
SR) are defined in each signal region using a cut on number of additional calo jets. The HP SR has
zero additional calo jet, while the LP SR has at least one additional calo jets. This splitting is able to
suppress #f background significantly, especially in 1L channel as it has the most ## background. In 2L
channel, the splitting is not applied because the 7 background is very minimal.

Control region categorization

The tf background is a dominant background in 1L channel and OL channel. This process usually has
an additional b-jet not matched to the leading large-R jet, as shown in Figure 5.13. The W boson
that decays hadronically together with a b-jet could be identified as a large-R jet. The other W boson
decays leptonically, so the event could be mis-identified as a Higgs candidate. The additional b-jet
can be used to further discriminant between 7 process and signal.
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Figure 5.13: Illustration of the kinematic features of the 7 process.

Categories
250 GeV < pY < 400 GeV V' > 400 GeV
Channel Pr ST add Pr ST add
0 add. b-tagged track-jet = | add. 0 add. b-tagged track-jet = | add.
b-tagged b-tagged
0 add. > 1 add. track_jets 0 add. > 1 add. track_jets
small-R jet | small-R jets small-R jet | small-R jets
OL HP SR LP SR top CR HP SR LP SR top CR
1L HP SR LP SR top CR HP SR LP SR top CR
2L SR SR

Table 5.8: Summary of the signal regions and top control regions defined in OL, 1L and 2L channel.

As described in previous sections, the signal regions in OL and 1L channels require zero additional
b-tagged track jet. While for control regions (CR) dominated by top backgrounds, the requirement
can be inverted. The top control regions in OL and 1L channels are defined with the requirement of at
least one additional b-tagged track jet. The same b-tagging algorithm is applied to all the track jets
including those not matched to the large-R jet through ghost association.

The control regions are able to constrain the 7 background, which is one of the dominant backgrounds.
There are ten SRs and the four top CRs defined in total. A summary of all the SRs and CRs is shown
in Table 5.8.

5.2.4 Large-R jet mass

The large-R jet mass myj is used as the final discriminant in the analysis. In order to improve the mass
resolution and sensitivity, two corrections are applied to the large-R jet mass. The first one is the
muon-in-jet correction. The semileptonic decays of the b-hadrons could result in muons in the final
states, while the muons deposite little energy in the calorimeter. These muons can be reconstructed.
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Figure 5.14: Distributions of large-R jet mass in 2L channel with muon-in-jet correction and kinematic fit
applied [140].

The muon-in-jet correction [139] is applied to recover the energy carried by the reconstructed muons.
The muons are identified at Medium working point and required to have pr > 10 GeV. Muons that
can be matched to the track jets and ghost associated to the large-R jet are used in the correction. The
calorimeter-based large-R jet mass is corrected by adding the muon four-momentum, and subtracting
the muon energy deposits in the calorimeter. The track-assisted mass is then corrected using the
corrected calorimeter-based mass. Finally, the combined mass is corrected using both the updated
calorimeter-based mass and the track-assisted mass.

The second correction is the kinematic fit applied in 2L channel. The decay products in 2L channel
are completely reconstructed, so the transverse momentum of the di-lepton system can be used to
improve the jet energy resolution. The jet energy resolution is typically 10% level, while the resolution
of electrons and muons is typically 1% level. The kinematic fit constraints the large-R jet and the
di-lepton system to be balanced in the transverse plane, then the large-R jet mass is scaled by the ratio
of the fitted jet pt and the original jet pr. The kinematic fit also includes a constraint on the di-lepton
system invariant mass to the Z boson mass.

The distributions of m; for ZH signal events in 2L channel are shown in Figure 5.14. The muon-in-jet
correction is able to improve the jet mass resolution by 5% - 10% depending on the channel. The
kinematic fit brings an additional improvement by up to 40% in 2L channel [140].

5.2.5 Jet substructure variables

The large-R jet substructure information can be used to further discriminate between VH signal and
background. The substructure variables commonly used in W/Z tagging are C, and D, [141]. These
variables can also improve the event selection of V H(bb) boosted analysis. The substructure variable
C; and D, are defined from energy correlation functions (ECF). The N-point ECF is defined as:

N N-1 N B
eckv.p = > [ ]rwIT] T Riie| - (52)

1<ip<...<inye€J \a=1 b=1 c=b+1

115



5 Measurement of boosted VH(H — bb) process

> T al —o— Data > T e e ——r
& 1200 2 Ks . VH 125 8 © o KS - VH 125
9 ILdl =140t V5 =13Tev Stat 269 0574 - -z 8 F ILm =140t V5= 13TeV Stat 148 0547 3 z
2 Hoowub 250 Gov < o' < a0 Goy. Y 02 1 ] S 250E-7H aub. o 2 400 o Syst 0503 1 wz
< 1000 vvbb, 250 GeV <pr <400GeV, gpane 0331 1 —| - ww = [ ZH-svvbb, py 2 400 GeV, Shape 0496 0.999 - - W
£ > 1 fat-jet, 2 tags, no add. b-tags 7 Z £ [ > 1 fatjet, 2 tags, no add. b-tags ] Z+l
o | N Z+cc > _ 3 N Zsce
@ 800 — N Z+cl o 20— =]  Zsel
] . Z+be F ] . Z+be
B . Z+bb F + E S Z+bb
800, 4 . Zebl 150[— — — W Z+bl
] Wil F 1 Wal
b - Wece o 7 - Wice
00 | Wacl 100 3 Wacl
] - Wabl E B Wbl
] . W+bb E ] - W+bb
B wt E = wt
200 | [ s+t chan SoE ] W s+t chan
4 ttbar E ] ttbar
h —— Signal x5 ] — Signal x5
%’ k —e— (Data-Bkg)/Bkg azc; """" —e— (Data-Bkg)/Bkg
= = [ stat 3 = [ stat
2 E (] statsShape 2 of- - T--- . - [ StatsShape
@ - = [ StatsSys @ E [ Stat+Sys
T - - ©
e 005 0.1 015 02 025 03 035 0.4 045 05 S (005 07 0.5 02 025 03 035 04 045 05
C2 leading fat-jet [GeV] C2 leading fat-jet [GeV]

Figure 5.15: Distributions of C, in inclusive medium p‘T/ SR and inclusive high p‘T’ SR in OL channel.

where the sum runs over all the constituents within the large-R jet, § is a fixed value parameter, R;, ;.
is the distance between i;, and i, in the rapidity-azimuth angle plane. To define C; and D, 3-point
correlation functions are considered:

ECF(LA) = ) pui

ieJ

ECF(2,8) = Z pripTi(Rij P,
i<jeJ

ECF(3,8) = Z priprpri(RijRix Rjx )’
i<j<kelJ

By definition, a jet with fewer than N constituents has ECF(N, 8) = 0. More generally, if a system has
N sub-jets, then ECF(N + 1, 8) should be significantly smaller than ECF(N, 8). The dimensionless
large-R jet substructure variables are defined from the ECFs at 8 = 1 based on this feature.

ECF(3) x ECF(1)
GEB=1) = ECFR?

ECF(3) x ECF(1)?
D=0 =——c0p

The values of C, and D, for large-R jets with two sub-jets are more likely to be smaller than large-R
jets with more than two sub-jets. VH signal jets have two sub-jets, therefore a cut on C, and D, can
improve the significance of the analysis.

Distributions of C; and D; in the inclusive SRs in OL channel are shown in Figure 5.15 and Figure 5.16.
As expected, signal events have smaller C; and D, values compared to background events in general.
A scan is performed to decide the best cut point that maximize the expected significance for each
substructure variable. The scan is first performed in wide ranges to decide the regions containing
the optimal cut point, then a detailed scan in that region is performed to decide the cut point. The
performance of the cuts is evaluated from the fit considering only statistical uncertainties first and
then including systematic uncertainties. The result of the detailed scan for C; is summarized in
Table 5.9 and Table 5.10. The same procedure is also applied to D, and other substructure variables.
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Figure 5.16: Distributions of D, in inclusive medium p‘T/ SR and inclusive high p‘T/ SR in OL channel. Data
points in bins with more than 5% signal events are not shown to follow the "blinded analysis" policy at this
stage.

G < 021 | 022 | 023 | 024 | 025 | 0.26 | 0.27 | Nocut
Significance OL | 1.980 | 2.020 | 2.035 | 2.043 | 2.038 | 2.028 | 2.022 | 1.910
Significance 2L | 1.646 | 1.656 | 1.634 | 1.625 | 1.626 | 1.631 | 1.599 | 1.461

Table 5.9: C, cut scanning result in OL channel and 2L channel. Significance is calculated from preliminary
fitting with systematic uncertainties.

C; < 0.24 (0.22) is found to have the maximum increase on the expected significance in OL (2L)
channel. C, cut is also able to improve the significance in 1L channel when evaluated using s/ Vb
and fitting without systematic uncertainties induced by C,. However, it is not able to improve the
fitting result when full systematic uncertainties are considered. This decrease of significance is caused
by the poorly derived C, systematic uncertainties, especially the C, resolution. The C; resolution
is estimated as 15% everywhere, which is implemented using Gaussian random number for the up
and down variations. For some background MC samples like single top, diboson and W+jets, this
approach suffers significant fluctuations in several bins with very limited statistics. The C, cut was not
able to enter the baseline event selection in V H(bb) boosted analysis due to this problem. It remains
as a potential improvement for future analyses.
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5 Measurement of boosted VH(H — bb) process

G < 021 | 022 | 023 | 024 | 025 | 0.26 | 0.27 | Nocut

s/Vb 1L 1.333 | 1.346 | 1.356 | 1.358 | 1.359 | 1.354 | 1.347 | 1.246

Significance 1L

with subR syst. | 1.716 | 1.735 | 1.759 | 1.744 | 1.766 | 1.761 | 1.756 | 1.810

no subR syst. | 1.716 | 1.743 | 1.774 | 1.780 | 1.805 | 1.802 | 1.809 | 1.810

no sub syst. 1.729 | 1.758 | 1.787 | 1.795 | 1.822 | 1.825 | 1.820 | 1.810

Table 5.10: C; cut scanning result in 1L channel. Significance is calculated from preliminary fitting with full
systematic uncertainties (with subR syst.), with systematic uncertainties except the C, resolution (no subR
syst.), without C, induced systematic uncertainties (no sub syst.).
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5.3 Systematic uncertainties

5.3 Systematic uncertainties

The measurement is subject to a few systematic uncertainties as well as statistical uncertainties.
The statistical uncertainties are results of stochastic fluctuations due to the limited statistics in the
samples. The systematic uncertainties come from a variety of sources mainly in two categories:
uncertainties related to experimental setup and uncertainties related to modeling of the MC samples.
Each systematic uncertainty is implemented as a deviation in the respective model and it is treated as
a nuisance parameter (NP). This section describes the experimental uncertainties and the modeling
uncertainties in VH(bb) boosted analysis.

5.3.1 Experimental systematic uncertainties

The experimental uncertainties are systematic uncertainties from the measurements in the detector
and the experimental resolutions. The evaluation of these uncertainties follow the official ATLAS
recommendations and they are evaluated in a similar manner for all the analyses. The experimental
systematic uncertainties comes in the following categories.

* Event level: uncertainties related to the integrated luminosity and the pile-up modeling.

* Electron: uncertainties related to the electron trigger, the reconstruction and identification
efficiency of the electrons, and the energy calibration.

* Muon: uncertainties for muon reconstruction, identification and isolation efficiency, muon
trigger, momentum and track-to-vertex association.

* Small-R jets: jet energy scale and resolution uncertainties, pile-up correction and flavor tagging
related uncertainties.

» Large-R jets: jet energy (mass) scale and resolution uncertainties.
* b-tagging: uncertainties related to b-tagging efficiency.

. E%“iss and Engli trigger efficiency, soft term and E%“iss energy scale related uncertainties.

The dominant uncertainties in VH(bb) boosted analysis are the large-R jet uncertainties and the
b-tagging uncertainties. The following part of this section introduce each category of the systematic
uncertainty briefly.

The integrated luminosity of Run 2 pp collision data recorded by the ATLAS detector is mainly
measured by the Luminosity Cherenkov Integrating Detector (LUCID) [142], which is located at 17 m
from the ATLAS interaction point. The measurement is complemented by other sub-detectors including
the ATLAS beam conditions monitor (BCM) and the calorimeter. The systematic uncertainties arise
from many sources. The contribution from each source is estimated through comparing measurements
by the LUCID and other detectors. The total systematic uncertainty estimated for the integrated
luminosity in Run 2 is 1.7% [143].

The pile-up uncertainties arise from the modeling of pile-up events. The simulated events are corrected
to match the pile-up condition in data through a process called pile-up reweighting. This process
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Figure 5.17: The total jet energy and mass scale uncertainties derived using R-track method for R = 1.0 LCTopo
jet[115].

corrects the distribution of Npy and (u) in simulated samples. The pile-up systematic uncertainty is
estimated to be at the same level as the correction.

The electron related systematic uncertainties arise from the reconstruction, identification and isolation
efficiencies, as well as the energy scale and resolution. The total electron energy scale uncertainties
are estimated to be 4 X 107 in the barrel and 2 x 1073 in the end caps. The energy resolution is of the
order of 1% for electron with transverse momentum larger than 30 GeV. The systematic uncertainty
in the identification efficiency depends on the electron pr, being 7% at pt = 4.5 GeV and reaching
less than 1% for 30 GeV < pr < 250 GeV [98].

The muon related uncertainties also arise from the reconstruction, identification and isolation
efficiencies. Additionally, momentum scale and resolution uncertainties and track-to-vertex association
efficiency uncertainty are included. The total uncertainty of muon reconstruction and identification
efficiency is below 0.1% over a large muon momentum range. The total uncertainty from track-to-
vertex association efficiency is around 0.01% for muons with pt > 3 GeV [100]. The momentum
scale uncertainty varies from a minimum of 0.05% for |77| < 1 to a maximum of 0.3% for |r| at around
2.5. The muon momentum resolution is around 4% in a wide pt range [99].

The systematic uncertainties that affect small-R jets are mainly the jet energy scale uncertainties and
the jet energy resolution. These uncertainties are derived in the in-situ calibration as described in
Section 3.5.3. The uncertainties related to large-R jets affect the analysis the most. These uncertainties
are also derived in the in-situ calibration. The large-R jet uncertainties include the jet energy and mass
scale uncertainties and the resolution. The scale uncertainties are derived using the R-track method.
It covers the difference between data and simulated samples. Figure 5.17 shows the jet energy scale
uncertainty and the jet mass scale uncertainties derived for the large-R jet collection used in VH(bb)
analysis. It has four components:

* baseline uncertainty covering the difference between data and the default MC generator;

* modeling uncertainty covering the difference between the default and alternative MC generators;
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5.3 Systematic uncertainties

* tracking uncertainty arises from the effect of various tracking uncertainty sources;
* statistical uncertainty arises from the limited statistics in data and simulated samples.

The total scale uncertainties varies from 2% to 8% for different large-R jet pr. The jet energy and
mass resolution is estimated conservatively, with values up to 20% as shown in Section 3.5.3.

The b-tagging uncertainties are the other major component of the systematic uncertainties. These

uncertainties account for the difference between simulation of heavy flavor production and data. The

b-tagging uncertainties are estimated for the data-to-simulation scale factor Kﬂjta/ ME egata / els)im

where €, denotes the b-tagging efficiency. The scale factor and its corresponding uncertainty are
derived for b-jets, c-jets, light jets and 7-lepton jets separately. The total uncertainty derived for b-jets
is about 5%, around 10% for c-jets, and up to 30% for light jets [144].

2

The uncertainties associated with the measurement of E%niss are provided for the E%“SS scale and
resolution. The extraction of the uncertainties is based on data-to-simulation comparisons of several
observables related to the soft term E;"** and the overall ET"* [116].

5.3.2 Modeling uncertainties

The signal and background processes used in the V H(bb) analysis are modeled by several MC event
generators as described in Section 5.1.2. Each process is modeled by a nominal generator, which is
the default generator used in the simulation, as well as a list of alternative generators that are used to
extract the modeling uncertainties. The modeling uncertainties can be divided into three categories:
cross section normalization, acceptance in various analysis regions and jet mass shape.

The cross sections as well as their uncertainties used in the simulation are taken from the most accurate
theoretical predictions available up to date. The uncertainties of the theoretical predications are treated
as the cross section normalization systematic uncertainties. For the dominant backgrounds (V+ heavy
flavor, ¢7), the normalizations are free parameters floated in the fitting.

The acceptance systematic uncertainties are derived from comparisons between different MC generators
normalized to the same cross section. It covers the effects from imperfect modeling of different phase
spaces in the analysis. The relative acceptance uncertainty of a region B with respect to another region
A is computed according to the double ratio formula:

Nj(nominal) Np(alt.) _
Npg(nominal) Na(alt.)

1, (5.3)

where N4(nominal) and Ny4(alt.) are the number of events generated by the nominal MC generator
and the alternative MC generator in region A; Ng(nominal) and Ng(alt.) are the number of events
generated by the nominal MC generator and the alternative MC generator in region B. The acceptance
uncertainties are derived using my distributions. The acceptance uncertainties considered in the
V H(bb) boosted analysis are:

« the migration between pY. regions (med-to-high pY.);

* The extrapolation from CR to SR (CR-to-SR);
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5 Measurement of boosted VH(H — bb) process

* ratio of event yields in high purity and low purity SRs (LP-to-HP);
» flavor composition (specific for V+jets sample);

* distributions of events in different channels due to lepton and jet counting (channel extrapolation).

The large-R jet mass shape uncertainties are considered in each analysis region separately. The
nominal and the alternative MC generators are normalized to have the same cross section. These
uncertainties account for higher order QCD and electroweak corrections, variations of the parton
shower and underlying event models.

Signal modeling systematic uncertainties

The VH signal processes include g¢ — VH and gg — VH. The nominal gg-induced samples are
generated using POWHEG MiNLO + PyTHIA 8, the nominal gg-induced samples are generated using
PowHEG + PYTHIA 8 as described in Section 5.1.2. The systematic uncertainties considered in the
modeling of signal processes are the following.
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* Branching Ratio: a theoretical uncertainty of 1.6% has been used in the branching ratio of
H — bb. It is a normalization uncertainty.

* Electroweak (EW) Corrections: uncertainty applied to account for missing higher order EW
corrections. The uncertainty is a function of p‘T/. It is estimated as the maximum of the generic
size of neglected NNLO EW effects, which is 1.5% in the case of WH process and 1.0% in the
case of ZH process. The uncertainty has effects on mjy shape.

» Parton Shower (PS): uncertainties arising from the hadronization model and parton shower.
These uncertainties are estimated by comparing the nominal MC samples to the alternative MC
samples, where HERWIG 7 instead of PyYTHIA 8 is used to model the parton showers. The signal
acceptance uncertainty for analysis region i is derived as:

Herwig 7

—Nl}ythia s~ b (5.4)

N;
where N; is the signal yields in the analysis region i, generated by HERWIG 7 or PYTHIA 8. Such
acceptance uncertainties have been derived only in the SRs due to the low signal contamination
in the CRs. The values of the signal acceptance uncertainties are summarized in Table 5.11.
The change from PyTHIA 8 to HERWIG 7 also causes difference in m; shape. The myj variations
are derived in every bins in the signal regions, the templates are then used in the fit.

* QCD Scales: uncertainties arising from higher orders in QCD variations of the renormalization
scale ug and the factorization scale ur on the POWHEG samples. These uncertainties are obtained
by varying ug and ur by a factor of 2 up and down. The QCD scale uncertainties have been
arranged into seven nuisance parameters:

1. Ay: the overall cross section uncertainty;

2. A7s, Ars0, Azso, Aggo: acceptance uncertainties across different p‘T/ boundaries (75 GeV,
150 GeV, 250 GeV, 400 GeV).



5.3 Systematic uncertainties

OL 1L 2L
HPSR | LPSR | HPSR | LPSR | SR

med. p‘T/ 24% | 44% | 09% | 5.2% | 3.7%

high p‘T/ 0.0% | 7.4% | 2.8% | 6.5% | 4.7%

Table 5.11: Signal acceptance uncertainties arising from parton showers.

% qq qq qq qq qq
Pr Ay Ags Also  Daso Ao

[250,400] GeV | 0.7% 3.3% 1.3% 1.4% -0.38%
[400, +0] GeV | 0.7% 3.3% 1.3% 1.4% 1.8%
88 88 88 88 88
AY A75 A150 A250 A400
[250,400] GeV | 25% 26% 13% 14% -1.3%

[400, +00] GeV | 25% 26% 13% 14% 15%

Table 5.12: Values of QCD scale uncertainties for nuisance parameters in STXS bins split in p¥ [145].

3. Ao, Ar: acceptance uncertainties across HP SR with 0 additional calo jet and LP SR with
at least 1 additional calo jet.

The QCD scale uncertainties are calculated separately for gg-induced and gg-induced signal
samples. The impact of these uncertainties is derived in the maximum splitting STXS bins. It
is possible to merge them to adapt the STXS bins used in the analysis. The impact of these
uncertainties for the seven nuisance parameters in each bin are summarized in Table 5.12 and
Table 5.13.

¢ Parton Distribution Function (PDF) +ags: these uncertainties arise from variations due
to limited statistics and incompatibilities among datasets in PDF extraction, as well as the
precision level of QCD coupling constant @s. The uncertainties are extracted by comparing
30 alternative samples with varied PDF to the nominal PDF. Additionally, two variations of
as from the nominal value are available for the samples with nominal PDF. The PDF +ag
uncertainties are derived separately for quark-induced samples and gluon-induced samples. The
values of the uncertainties in each STXS bin are shown in Figure 5.18. The effects of PDF +ag
variations on mj shape have been studied and found to be negligible.

A summary of the signal modeling uncertainties considered in the VH(bb) boosted analysis is shown
in Table 5.14. In the analysis, merged STXS bins instead of the maximum splitting are used. The
uncertainties have been derived to correspond to the actual STXS bins in the analysis.
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5 Measurement of boosted VH(H — bb) process

q9 q9
\'% A0 A1

Pt
0 jet ljet >2jets | ljet > 2jets

[250,400] GeV | =54% 5.3% 53% | -5.0% 6.7%
[400, +c0] GeV | =6.8% 5.5%  5.5% | =5.7%  6.7%

Ag 8 Ag 8
0 1
Py

0 jet ljet >2jets | ljet > 2jets

[250, 400] GeV | —=100%  28% 28% —38% 28%
[400, +c0] GeV | —100%  30% 30% —66% 30%

Table 5.13: Values of QCD scale uncertainties for nuisance parameters in STXS bins split in number of
additional calo jets [145].
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Figure 5.18: PDF +a5 uncertainties across STXS bins for PDF (colored) and a5 (dashed black) variations. The
x-axis labeling indicates the STXS bins split in p¥ and number of additional small-R jets: 0, 1 and > 2 jets,
labeled as 0], 1], GE2] [145].

124



5.3 Systematic uncertainties

Name Sources Affected region Effect Value
SysTheoryBRbb BR variation H — bb, all regions norm. 1.6%
SysTheoryUEPSAcc PS variation H — bb norm. Tab. 5.11
SysTheoryUEPSShape PS variation H — bb shape -
SysQCDScaleDeltaY,75,150,250,400 | QCD scale variation (p¥) qq > VH,gg - ZH norm. Tab. 5.12
SysQCDScaleDeltal,?2 QCD scale variation (njes) | qq —» VH,gg — ZH norm. Tab. 5.13
SysTheoryPDF_{1-30} PDF variation qq > VH,gg - ZH norm. Fig. 5.18
SysTheoryalphas g variation qq > VH,gg - ZH norm. Fig. 5.18
SysVHNLOEWK NLO EW correction H — bb, all regions shape, norm. -

Table 5.14: Nuisance parameters for signal modeling systematic uncertainties. The first column is the name of
the uncertainty, the second column is the source of the uncertainty. The third column lists the samples that are
affected by these systematic uncertainties. The last column shows the effects of these uncertainties in the final
fit.

V +jets modeling systematic uncertainties

The V+jets background is the dominant background in all the channels. The nominal V+jets
background samples are produced using SHERPA 2.2.1 as described in Section 5.1.2. The flavor
composition of the jets are: V + bb, V + bc, V + bl, V + cc,V + cl and V + [, where b refers to b-jet,
c refers to c-jet, [ refers to light jet that can be u, d, s or gluon. The events with at least one b-jet or
c-jet are classified as V+ heavy flavor (HF). The V+HF component (bb, bc, bl, cc) represents more
than 90% of the background, therefore the normalization factors of V+HF background are free floated
in the fit. The normalization factors are considered separately for each component of the Z+HF and
W+HF processes.

The systematic uncertainties arising from alternative variations considered in the modeling of V+jets
are the following.

e Variations of the renormalization scale ur and the factorization scale up in the matrix
element (ME) calculation by a factor of 2 or 0.5 compared to the normalized scale. These
variations are implemented as internal weight in the nominal samples. The effects of these
systematic uncertainties are negligible.

* Variations from alternative PDF sets. These systematic uncertainties are also implemented as
internal weight in the nominal SHERPA samples. The impact of these variations are negligible in
the phase space of the analysis in general.

* Variations from alternative MC event generator. The alternative samples are generated using
MADGRAPH for the matrix element and PyTHIA 8 for parton shower.

The acceptance uncertainties considered in the modeling of V+jets background are all relative
acceptance uncertainties because the main component of this background is free floated in the fit.
All the effects from variations of ur, yug, PDF and alternative MC generator are considered in the
acceptance uncertainties. These relative acceptance uncertainties are:
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5 Measurement of boosted VH(H — bb) process

V+jets acceptance uncertainties

Boson w Z
Channel OL 1L OL | 2L
CR-to-SR 90% | 40% | 40% | -
LP-to-HP 18% 18% | -

Med-to-High pY | 30% | 10% 10%

Channel Extrap. 20% - 16% | -
V + bc flavor comp. 30%
V + bl flavor comp. 30%
V + cc flavor comp. 20%
V + ¢l norm. 30%
V + [l norm. 30%

Table 5.15: Summary of V+jets acceptance uncertainties; flavor composition uncertainties for V + bc, V + bl,
V + cc; normalization uncertainties for V + ¢l and V + [1.

* CR-to-SR extrapolation uncertainties applied in the control regions in OL and 1L channel as the
V+jets contribution is much lower in the CRs. The difference of CR-to-SR acceptance between
the nominal SHERPA samples and the alternative MADGRAPH samples is up to 90% for W+HF
process in OL channel, and 40% for Z+HF process in OL channel and W+HF process in 1L
channel.

» LP-to-HP extrapolation uncertainty applied in high purity SRs in OL and 1L channel. The
uncertainty is 18% for V+HF processes in both OL and 1L channels.

* Med-to-high p‘T/ extrapolation uncertainties applied in high p‘T/ regions. The uncertainties are
estimated to be 30% on W+HF process in OL channel and 10% in other regions.

* The uncertainties for extrapolation among channels are applied in OL channel because it has
more complicated background composition than other channels. The values of the uncertainties
are 20% for Z+jets and 18% for W+jets.

The flavor composition uncertainties are applied to V + bc, V + bl and V + cc processes, which is 30%
for V + bc and V + bl processes, 20% for V + cc samples. Additionally, a 30% uncertainty is applied
to the normalization of V + ¢/ and V + ] processes as their normalization factors are not floating in
the fit. A summary of the acceptance uncertainties is shown in Table 5.15.

The mjy shape uncertainties are extracted by comparing the nominal m;y distributions to the alternative
distributions with varied ugr. The ratio between the alternative distribution and the nominal distribution
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5.3 Systematic uncertainties

Name Sources Affected region Effect | Value
norm_Zbb Z+HF norm. Z+HF, all regions norm. float
SysZbbNorm_LO Z+HF channel extrap. | Z+HEF, applied to OL norm. 16%
SysZclNorm Z + cl norm. Z + cl, all regions norm. 30%
SysZ1Norm Z + Il norm. Z + 11, all regions norm. 30%
SysZbcZbbRatio Z + bc flavor comp. Z + bc, applied to OL, 2L norm. 30%
SysZblZbbRatio Z + bl flavor comp. Z + bl, applied to OL, 2L norm. 30%
SysZccZbbRatio Z + cc flavor comp. Z + cc, applied to OL, 2L norm. 20%
SysRatioMedHighPtv_BMin4®0_zhf med-to-high py’ Z-+HF, applied to OL 2L high py | norm. | 10%
SysRatioHPLP_DSRnoaddbjetsr_JO_Zhf | LP-to-HP Z+HF, applied to OL HP SR norm. 18%
SysRatioSRCR_DSRnoaddbjetsr_zZhf CR-to-SR Z+HF, applied to OL CR norm. 40%
SysZMbbBoosted MR var. on my Z+ijets, all regions shape -

Table 5.16: Nuisance parameters for Z+jets modeling systematic uncertainties. The first column is the name of
the uncertainty, the second column is the source of the uncertainty. The third column lists the samples that are
affected by these systematic uncertainties. The last column shows the effects of these uncertainties in the final

fit.

Name Sources Affected region Effect Value
norm_Wbb W +HF norm. W +HEF, all regions norm. float
SysWbbNorm_LO W +HF channel extrap. | Z+HF, applied to OL norm. 20%
SysWclNorm W + cl norm. W + cl, all regions norm. 30%
SysWlNorm W + 1l norm. W + 11, all regions norm. 30%
SysWbcWbbRatio W + bc flavor comp. W + bc, applied to OL, 1L norm. 30%
SysWblWbbRatio W + bl flavor comp. W + bl, applied to OL, 1L norm. 30%
SysWccWbbRatio W + cc flavor comp. W + cc, applied to OL, 1L norm. 20%
SysRatioMedHighPtvOL_BMin400_Whf med-to-high p¥ W +HF, applied to OL high p¥ norm. 30%
SysRatioMedHighPtv1L_BMin400_Whf med-to-high p¥ W +HF, applied to 1L high p}r/ norm. 10%
SysRatioHPLP_DSRnoaddbjetsr_JO_Whf | LP-to-HP Z+HF, applied to OL, IL HP SR | norm. 18%
SysRatioSRCR_DSRnoaddbjetsr_Whf CR-to-SR W +HF, applied to OL, IL CR norm. 90%, 40%
SysWMbbBoosted MR var. on myj W +jets, all regions shape -

Table 5.17: Nuisance parameters for W+jets modeling systematic uncertainties. The med-to-high acceptance
uncertainty in 1L channel (SysRatioMedHighPtv1L_BMin400_Whf) is applied decorrelated between HP SR,
LP SR and CR.

is fitted using a function (e”°*P1* + p,). The parameters are fitted separately in each analysis region.
The up and down variations of the shape uncertainties are considered to be asymmetric.

A summary of the nuisance parameters for the modeling uncertainties of Z+jets samples is shown in
Table 5.16, and Table 5.17 is for the modeling uncertainties of W+jets samples.
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5 Measurement of boosted VH(H — bb) process
tf modeling systematic uncertainties

The 17 background is the other dominant background in OL channel and 1L channel. The nominal ¢7
samples are generated using POWHEG generator, and interfaced to PyTHiA 8 for modeling of the parton
shower. Control regions for 7 process are defined by requiring at least one additional b-tagged track
jets not matched to the leading large-R jet. The normalization factors of the ¢f background are also
free floated separately in OL channel and 1L channel in the fit because it is the dominate background.
The 7 background in 2L channel is very minimal. A 20% uncertainty is applied to the normalization
of tf process in 2L channel.

Several alternative #f samples have been considered to estimate the modeling uncertainties. The
variations are the following.

* POWHEG + HERWIG 7: this alternative sample is generated using POWHEG, which is the same
configuration as the nominal sample, while the parton shower is simulated using HERWIG 7
instead of PYTHIA 8.

* MADGRAPH + PYTHIA 8: this alternative sample is generated using MADGRAPH at NLO precision
level while the simulation of parton shower is the same as the nominal sample.

* Initial state radiation (ISR) variations: variations of the renormalization scale ug and the
factorization scale yr in the matrix element (ME) calculation by a factor of 2 or 0.5. These
variations are implemented as the internal weight in the nominal ¢7 samples.

* Final state radiation (FSR) variations: variations of the renormalization scale ug rsr in the
simulation of parton shower with PYTHIA 8. Several factors are available compared to the
nominal value, including 2.0, 1.75, 1.5, 1.25, 0.875, 0.75, 0.625, 0.5.

All the alternative simulated samples are required to have at least one W boson decays leptonically
and at least one large-R truth jet with pr > 150 GeV. This filter removes events that cannot enter the
analysis regions to improve the efficiency of the simulation.

The acceptance uncertainties of tf modeling are relative acceptance uncertainties as the normalization
factors are free floated. The most significant sources of the uncertainties are the variations of the
matrix element calculation, followed by the variations of the parton shower simulation. The effects
of ISR and FSR variations are subdominant. The acceptance uncertainties estimated for ## samples
are:

* LP-to-HP acceptance uncertainty applied to high purity SR in OL channel and 1L channel.
The nuisance parameters for OL and 1L are kept uncorrelated, and the value of uncertainty is
estimated to be 18%.

* CR-to-SR acceptance uncertainty applied to SRs in OL and 1L channel. The value of the
uncertainty is estimated to be 8%.

* Med-to-high p‘T/ acceptance uncertainty applied to high p¥ regions. The value of this uncertainty
is set to be 20%, which is higher than the one actually derived. It is set to higher value due to
the top mis-modeling known in other analyses.
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5.3 Systematic uncertainties

Name Sources Affected region Effect | Value
norm_ttbar_LO tf norm. t7 OL, all regions norm. float
norm_ttbar_L1 tf norm. t7 1L, all regions norm. float
SysttbarNorm_L2 tf norm. t7 2L, all regions norm. 20%
SysRatiottbarVRjets 3pVR-to-2VR extroa. | ¢7 2VR, OL and 1L norm. 20%
SysRatioMedHighPtv_BMin400_LO_ttbar med-to-high p.‘r/ OL high p¥ regions | norm. 20%
SysRatioMedHighPtv_BMin400_L1_ttbar med-to-high p¥ 1L high p.}/ regions | norm. 20%
SysRatioHPLP_DSRnoaddbjetsr_L®_JO_ttbar | LP-to-HP OL HP SR norm. 18%
SysRatioHPLP_DSRnoaddbjetsr_L1_JO_ttbar | LP-to-HP 1L HP SR norm. 18%
SysRatioSRCR_DSRnoaddbjetsr_LO_ttbar CR-to-SR OL SR norm. 6%
SysRatioSRCR_DSRnoaddbjetsr_L1_ttbar CR-to-SR 1L SR norm. 6%
SysTTbarMJISR ISR var. on my all regions shape -
SysTTbarMJPS PS var. on my all regions shape -

Table 5.18: Nuisance parameters for 17 modeling systematic uncertainties.

« Extrapolation uncertainty applied to top CRs with exactly two matched track jets. The ¢f events
can have two track jets matched to the leading large-R jet (2VR) or three or more matched track
jets (3pVR). This uncertainty is applied to cover the extrapolation uncertainty between "3pVR"
events and "2VR" events. Its value is 20% and it is fully correlated among channels and p‘T/
regions.

The shape uncertainties are derived by comparing the nominal mj distributions to the alternative my
distributions. The variations considered for the shape uncertainties are:

* An ISR variation with effects of up to 20% on mjy shapes in both OL channel and 1L channel.

* Parton shower variations with effects of up to 10% on my shapes in both OL channel and 1L
channel.

Finally, a summary of the modeling uncertainties considered in ¢7 samples is shown in Table 5.18.

Single top modeling systematic uncertainties

The single top processes are divided into three channels: s-channel, 7-channel and W¢-channel. The
nominal single top samples are generated using POWHEG + PYTHIA 8 as described in Section 5.1.2.
The single top background is a sub-dominant background in OL channel and 1L channel. The fraction
of single top process from s-channel and ¢-channel is even smaller (less than 1%) in the analysis
regions. Therefore the alternative samples are generated considering only the Wz-channel. Similar
to the nominal single top samples, the samples are generated both applying a dilepton filter and
inclusively.

The variations considered in the modeling of single top samples are the same as the ones in the
modeling of 7 samples, including variations of parton shower (PS), matrix element (ME), ISR and
FSR. The single top process in Wt-channel at NLO has interference with #¢ process. The interference
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5 Measurement of boosted VH(H — bb) process

Name Sources Affected region Effect Value
stopWtNorm Wt-channel norm. | W¢-channel, all regions norm. 20%
stopsNorm s-channel norm. s-channel, all regions norm. 4.6%
stoptNorm t-channel norm. t-channel, all regions norm. 4.4%
SysStopNorm_LO 1L-to-OL OL, all regions norm. 20%
SysRatioMedHighPtv_BMin400_Stop med-to-high p¥ OL, 1L high p"r/ regions norm. 20%
SysRatioHPLP_DSRnoaddbjetsr_L1_JO_ttbar | LP-to-HP OL, 1L HP SR norm. 25%
SysRatioSRCR_DSRnoaddbjetsr_LO_ttbar SR-to-CR OL, IL CR norm. 30%
SysStopWtDSDR DS/DR var. on my W t-channel, all regions shape, norm. -

Table 5.19: Nuisance parameters for single top modeling systematic uncertainties.

is removed using the diagram removal (DR) scheme that removes the resonant 7 Feynman diagrams
or the diagram subtraction (DS) scheme that implements a subtraction term to locally cancel the
tt contribution. The DR scheme was implemented in the nominal single top samples, while the
alternative samples are generated using both the DR and the DS scheme.

The majority of the single top events (80%) are in the SRs, so the top CRs are not suitable for single top
background studies. The shape of the single top background and the flavor composition of the large-R
jet is found to be consistent in OL channel and 1L channel, which means the modeling uncertainties
could be treated in a correlated way. Therefore, all the single top modeling uncertainties are evaluated
in 1L channel and then applied to both OL channel and 1L channel.

The normalization uncertainties are derived for cross section of each single top process. The total
normalization uncertainty is estimated to be 4.4%, 4.6% and 6.2% for t-channel, s-channel and
Wt-channel respectively. For ¢-channel and s-channel, only a single normalization uncertainty is
applied to each of the process because the fraction of these background is smaller than 1% of the total
top background in all the analysis regions. The uncertainty for W¢-channel is negligible compared to
the uncertainties arise from the variations of alternative samples.

The acceptance uncertainties of single top modeling are evaluated by comparing the nominal samples
and the alternative samples generated using DR scheme. The uncertainty from the discrepancy
between DR scheme and DS scheme is considered separately. The following acceptance uncertainties
are considered in single top modeling:

* Normalization uncertainty to cover the overall difference between the nominal samples and
the alternative samples. This uncertainty is estimated to be about 20%. The cross section
uncertainty is covered by this uncertainty for Wz-channel.

» LP-to-HP acceptance uncertainty applied to HP SR. The value of this uncertainty is estimated
to be 25%.

* Med-to-high p‘T/ acceptance uncertainty applied to high p‘T/ regions, with a value of 20%.

* CR-to-SR acceptance uncertainty applied to CRs because the fraction of single top events in
CR is much smaller than in SR. The uncertainty is estimated to be 30%.
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5.3 Systematic uncertainties

Additionally, an acceptance uncertainty of 20% is applied to OL channel. This uncertainty accounts
for the difference between OL and 1L since all the other uncertainties are derived in 1L channel. The
variations caused by the discrepancy between DS scheme and DR scheme is also included.

The shape uncertainties are estimated by comparing the mj distributions between the nominal samples
and the alternative samples. The dominant contribution to the shape uncertainties is the discrepancy
between the DS scheme and the DR scheme, while the effects from all the other sources are neglected.
The variations from alternative samples with DS scheme is treated as a shape uncertainty and a
normalization uncertainty in each region. These uncertainties are extracted from the shape variation
of the nominal sample and the alternative samples, then multiplied by a normalization factor given by
the yield ratio of the nominal sample and the alternative samples.

A summary of the single top modeling uncertainties is shown in Table 5.19.

Diboson modeling systematic uncertainties

The Diboson background is a sub-dominant background in all the channels. The final states include
Z7Z,WZ and WW, where one of the vector boson decays hadronically, the other one decays leptonically.
The different diboson processes contribute to the analysis regions through the following: ZZ — vvbb
for OL channel; ZZ — [1bb for 2L channel; WZ — Ilvbb for 1L channel. Additionally, WZ and
WW processes can have small contributions due to the mis-tagging of a jet from the W decay or
the failure to reconstruct one of the leptons, such as WZ — ggvv(ll), WW — lvqg. As described
in Section 5.1.2, the quark-induced diboson nominal samples are generated using SHERPA 2.2.1, the
gluon-induced diboson nominal samples are generated using SHERPA 2.2.2.

The modeling uncertainties are studied for WZ and ZZ process, not for WW process because its
contribution is very small (less than 2%). The alternative variations considered in the modeling of the
diboson processes are similar to the variations considered in the modeling of V+ jets.

* Variations of the renormalization scale ug and the factorization scale ur in the matrix
element (ME) calculation by a factor of 2 or 0.5. These variations are implemented as internal
weight in the nominal samples. The effects of these systematic uncertainties are negligible.

* Variations from alternative PDF sets. These systematic uncertainties are also implemented as
internal weight in the nominal SHERPA samples. The impact of these variations are negligible in
the phase space of the analysis in general.

* Variations from alternative MC event generator. The alternative samples are generated with
PowHEG and interfaced to PyTHIA 8 for modeling of the parton shower.

A normalization uncertainty of 16% and 10% is applied to WZ and ZZ process, respectively. For WW
process, a normalization uncertainty of 25% is applied. The acceptance uncertainties are extracted
from comparisons of the nominal samples and the alternative samples. Effects from all the variations
are considered. The following uncertainties are derived for diboson processes.
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5 Measurement of boosted VH(H — bb) process

Process wz Z7Z
Channel OL | 1L | 2L | OL IL | 2L
Normalization 16% 10%
LP-to-HP 18% 18% -
Med-to-high 10% 6% 18%
Channel Extra. | 8% - 30% | 18% | -

Table 5.20: Acceptance uncertainties for diboson process. All the acceptance uncertainties except the channel
extrapolation uncertainties are correlated between channels.

* LP-to-HP acceptance uncertainty applied to HP SRs. This uncertainty is evaluated in 1L
channel for WZ process and applied to both OL channel and 1L channel, with a value of 18%.
For ZZ process, the uncertainty is evaluated in both OL channel and 1L channels, and also
estimated to be 18%.

* Med-to-high p‘T/ acceptance uncertainty applied to high p‘T’ regions. This uncertainty is evaluated
in 1L channel for WZ process, with a value of 10%. The uncertainty for ZZ process is estimated
to be 6% in OL channel and 18% in 1L and 2L channels.

* Channel extrapolation uncertainty. An uncertainty of 8% is applied to OL channel for WZ
process since all the other uncertainties are derived in 1L channel. For ZZ process, the
uncertainties are derived 2L channel, so an uncertainty of 30% and 18% is applied in OL channel
and 1L channel, respectively.

These normalization and acceptance uncertainties are summarized in Table 5.20. The values are
estimated conservatively and all the acceptance uncertainties are correlated except the channel
extrapolation uncertainties.

The shape uncertainties on mjy are derived by comparing variations of ug and the alternative
POWHEG + PyTHIA 8 samples. The impact from ur and PDF variations are negligible so they are
not considered in the shape uncertainties. A summary of all the modeling uncertainties is shown in
Table 5.21.

Multijet estimation systematic uncertainties

The QCD multijet background is a reducible background that can be suppressed. The multijet process
has a very large cross section compared to the other processes, but the majority of the multijet events
are rejected in the event selection. The MC simulation of this background is infeasible due to the
limited amount of events after the event selection, so the background is modeled from data using
data-driven techniques.

The multijet background in OL channel is suppressed by the anti-QCD cuts described in Section 5.2:
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5.3 Systematic uncertainties

77
Name Sources Affected region Effect Value
SysVZNorm ZZ norm. ZZ, all regions norm. 10%
SysZZNorm_LO OL/2L accept. OL norm. 30%
SysZZNorm_L1 1L/2L accept. 1L norm. 18%
SysRatioMedHighPtv_VZ_BMin400 med-to-high high p,}/ region norm. | 6% - 18%
SysRatioHPLP_VZ_DSRnoaddbjetsr_J® | LP-to-HP HP SR inOL, IL | norm. 18%
SysVVMURMIBoosted MR variation on my all regions shape -
SysVVPP8MIBoosted alt. MC variation on mj | all regions shape -
WZ
SysVZNorm W Z norm. W Z, all regions norm. 16%
SysRatioMedHighPtv_VZ_BMin400 med-to-high high p¥ region norm. 10%
SysRatioHPLP_VZ_DSRnoaddbjetsr_J® | LP-to-HP HP SR inOL, IL | norm. 18%
SysVVMURMJBoosted MR variation on my all regions shape -
SysVVPP8MJBoosted alt. MC variation on my | all regions shape -
WwW
SysWWNorm WW norm. WW, all regions ‘ norm. ‘ 25%

Table 5.21: Modeling uncertainties for diboson process.

* min [Aqb(E?iss, small-R jets)] > 30°,
. A¢(ETmiSS, large-R jets) > 120°,
. A(]ﬁ(E,[FmSS, pfrniss) < 90°.

These cut values are decided from the distributions of the variables. The multijet background is
reduced to negligible after applying all the cuts in OL channel.

The multijet background events in 2L channel need to have two non-prompt leptons, since the events
with one prompt and one non-prompt lepton are already included in the ¢7 and V+ jets samples. The
electrons are not required to have opposite sign, while the muons need to have opposite sign in the
baseline event selection. The multijet background in 2L channel is estimated based on fact that
the contribution of opposite sign and same sign lepton pairs is expected to be symmetrical in good
approximation. The same sign muon pairs is negligible in data, which means the multijet background
in muon sub-channel is also negligible. The multijet background in electron sub-channel is also
estimated by selecting the same sign electron pairs, the small amount of simulated events and data
with same sign electron pairs are consistent within the large statistical uncertainty. The results confirm
the multijet background in 2L channel is negligible.

The multijet background contributes to 1L channel due to the semileptonic decay of the heavy flavor
hadrons. It is estimated using data-driven method in a multijet enriched control region. The control
region is defined using inverted lepton isolation cuts.

* Electron: LooseTrackOnly, E§°“60'2 > max(3.5 GeV, O.OlSplT [GeV)).
¢ Muon: LooseTrackOnly, p‘"’Tonf’O'2 > 1.25 GeV.
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5 Measurement of boosted VH(H — bb) process

The shape of multijet background in the signal regions is assumed to be the same as in the control
regions. The shape is extracted from the distributions of the W boson transverse mass m¥v in the
control regions because it provides a good discrimination between the multijet and the electroweak
backgrounds. A template fit to the m¥v distribution is performed to extract multijet yields in the SRs
after subtracting the electroweak and the top backgrounds. The fraction of multijet background in
the electron sub-channel is about 2.3%, while in muon sub-channel it is negligible. A normalization

uncertainty of 55% is applied to the multijet background in 1L channel.
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5.4 Statistical analysis
5.4 Statistical analysis

The V H signal of the analysis is measured from the signal strength u. It is obtained from a binned
maximum profile likelihood fit [146] to the data with my distributions, while the fitting can have
multiple parameters of interest (POI) for different signal strengths. The significance of the signal
is obtained from a log-likelihood ratio test. This section describes the statistical procedure of the
VH(bb) boosted analysis.

5.4.1 The Likelihood function

The maximum profile likelihood fit is done simultaneously in all the analysis regions to extract the VH
signal contribution. The diboson (V' Z) background contribution is also extracted as a validation of the
fit. The likelihood is defined as the product of the Poisson probabilities in all the bins, multiplied
by the Gaussian probabilities arising from systematic uncertainties and the limited statistics in MC
samples:

L(1,0,%) = Lpois(1t, 6, 7) - Lyys(8) - Ly (¥) (-5
Npins
= | | Pois (Ni|u - si - vs(0) + yib; - vi(8))
i=1

Rgyst Mbins

. l_[ Gauss(610,1) - l_l Gauss (Bilyi,Bi, \/)T,Bl) .
j=1 i=1

The first term of the likelihood is a set of Poisson functions for the probability of observing N events
given A expected events, where Pois(N|1) = e*A" /N!. The number of expected events in bin i is
expressed as u - s; - vg(6) + y;b; - vi,(@), where u is the signal strength, s; is the yields of simulated
signal samples in bin i, and b; is the yields of simulated background samples in bin i. The functions
vs(0), vp(0) parameterize the effects of the systematic uncertainties on the signal and background
yields. They are described in more detail below. The signal strength can be understood as the ratio of
the observed cross section for the signal process and its SM prediction.

(O- : g)obs =M (0- : -(B)exp- (5.6)

The signal strength is the POI determined in the fit. For the VH(bb) boosted analysis, a simultaneous
fit with two POISs associated to the cross sections of the VH and V' Z processes is implemented. More
POIs are used in various compatibility checks and the STXS measurement.

The effects of systematic uncertainties are parameterized as a set of nuisance parameters. These
systematic uncertainties can modify the signal and background yields. The nuisance parameters
are defined as described in Section 5.3, then implemented in the likelihood as a set of Gaussian
penalty terms Lgyg(@). Each term is of the form Gauss(6]0, 1) = e0’/2 /27, where 6 is the nuisance
parameter for a given systematic uncertainty. The effect of the systematic uncertainty on the yields
is parameterized as an exponential response function v(0) = (1 + €)?, where € is the value of the
systematic uncertainty. In this case, the value of the uncertainty is derived as the effect on yields
when the systematic uncertainty varies up and down by 1o, corresponding to 8 = +1. Aside from
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5 Measurement of boosted VH(H — bb) process

the nuisance parameters with Gaussian constraint, several nuisance parameters (main background
normalization factors) are freely floated in the fit. The values of these uncertainties are solely
determined from constraints in data.

Additionally, the statistics in the MC samples is limited, so the statistical uncertainty of the expected
yields needs to be addressed. The third term of the likelihood treats the uncertainties due to the finite
sample size using the Beeston-Barlow technique [147]. These uncertainties are represented with
nuisance parameters y. The parameter y; modifies the expected background yields in bin i from b; to
v; - b;. The background yields b; in the simulated samples is approximated as being drawn from a
Poisson term with mean vy; - b;. The constraints on 7y are treated using Gaussian penalty terms in the
V H(bb) boosted analysis,

Mpins

l_[ Gauss (ﬁi|7i,3i, \/ﬁ) ) (3.7

i=1

where B; = 1/ O'i2 and o7 is the relative statistical uncertainty on the background yields in bin i. Only
the background yields are affected by these nuisance parameters because the statistical uncertainties
for signal samples are small with respect to background samples.

In summary, the full likelihood is the product of the three terms with a form as written in Eq. 5.5. The
POlIs are uy gy and pyz for signal strengths of the VH signal process and the V Z process, respectively.
The likelihood is maximized with respect to g, € and . The maximum of L determines the observed
values of the signal strengths.

5.4.2 The likelihood ratio test

The profile log-likelihood ratio test [146] is used to test the background only or background and signal
hypotheses. The test statistic is the log-likelihood ratio defined as

L(/‘la 9/1’ ’5\/#)

Lmax

CI(#) =-2In ’ (58)

where Lp,x is the unconditional maximum of L over all possible u, 6 and y; L(u, 9,,, ¥u) is the
conditional maximum of L when u is fixed to a given value. The background only hypothesis is
evaluated at 4 = 0. A variable referred to as pg is defined using the test statistic ¢(0). The pg value is
computed as the probability to obtain a ¢(0) with a value larger than the observed value under the
background only hypothesis.

Po = / f(glp = 0)dq, (5.9)
q(0)

where f(q|u = 0) is probability density function of the test statistics ¢ under background only
hypothesis. If the data are compatible with the background only hypothesis, the asymptotic
approximation of ¢(0) would follow a y? distribution with one degree of freedom when the experiment
could be repeated enough times [148], which means ¢(0) is likely to have a value close to 0. Differently,
if the data has more events, ¢(0) would have much larger values. The pq value is used to quantify the
compatibility of the background-only hypothesis with the data.
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5.4 Statistical analysis

P value

Critical Value

Figure 5.19: Relationship between the p-value and the significance. The black curve represents a normal
distribution, the integral of the orange region equals to the p-value. The critical value (black points) represents
the significance expressed in standard deviations.

The pg value can be expressed as the significance, defined as
Z=07'(1-po), (5.10)

where ®~! is the inverse of the cumulative distribution function of Gaussian statistics. The value of
significance is expressed in terms of standard deviations. Figure 5.19 shows the relationship between
the p-value and the significance.

5.4.3 Fit inputs

The inputs to the fit are distributions of m; in all the signal regions and control regions. The signal
and background samples considered in the fit are described in Section 5.1, including the following
processes.

» VH signal: g9 — ZH — vvbb, gqg — WH — lvbb, qq — ZH — [lbb and gg — ZH.

* W+jets and Z+jets: split into different flavor compositions as V+HF (bb, bc, cc, bl), V + cl
and V + 1.

* Top quark pair production ¢7.

* Single top production: s-channel, #-channel and Wt-channel.
¢ Diboson: WW, WZ, ZZ.

* Multijet (only in 1L channel).

The mjy templates in the fit are determined from simulation of these processes, except for the multijet
background, which is extracted from data. The likelihood is built from one-dimensional m; histograms
by multiplying all the bins. The binning of the histograms are summarized in Table 5.22. The
underflow and overflow are included in the first and the last bin of the histogram, respectively.
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5 Measurement of boosted VH(H — bb) process

py € [250,400] GeV py € [400, +c0] GeV

Channel
HP ‘ LP HP ‘ LP

OL SR [50,210] GeV in 10 GeV ‘ [50, 220] GeV in 10 GeV | [50, 240] GeV in 10 GeV ‘ [50, 280] GeV in 10 GeV

OL CR [50, 230] GeV in 20 GeV [50, 250] GeV in 20 GeV
IL SR [50,210] GeV in 10 GeV ‘ [50, 220] GeV in 10 GeV | [50, 240] GeV in 10 GeV ‘ [50, 280] GeV in 10 GeV
IL CR [50, 230] GeV in 20 GeV [50, 260] GeV in 20 GeV
2L SR [50, 200] GeV in 10 GeV [50, 240] GeV in 10 GeV

Table 5.22: Binning and range of the fit in VH(bb) boosted analysis.

The choice of the different binning and range in different regions is made to maximize the resolution
of the fit, while considering the following aspects:

* Avoid empty bins in the templates;
* Minimize empty bins in the data;

* Statistical uncertainty in the MC samples smaller than 20%.

5.4.4 Treatment of the nuisance parameters

The systematic uncertainties considered in the fit have been described in Section 5.3. These systematic
uncertainties are treated as nuisance parameters. The impact of each systematic uncertainty on the m;
template is quantified using two additional histograms corresponding to the nuisance parameter varies
1o up and down. The change of the yield in each bin (€) is extracted from the additional histograms
and then applied in the fit. Most of the systematic uncertainties have both an up and a down variation
derived. Some of the uncertainties like the jet resolution are one-sided uncertainties, so the effect is
symmetrized with respect to the nominal histogram to obtain the variation in the other direction.

Variations caused by certain uncertainties like the large-R jet energy scale uncertainties affect the
mass and p of every individual jet. It can lead to bin migrations of events in the my distributions. In
such cases, the difference between the nominal histogram and the variations might be subject to large
statistical fluctuations. An iterative smoothing procedure is applied to prevent this unwanted effect.
Bins are merged and grouped until the statistical uncertainty of the nominal distribution for each of
the merged bins is less than 5%.

Some of the nuisance parameters considered in the fit have very small effects on the m; template.
These nuisance parameters are therefore removed to improve the stability of the fit. This procedure
is referred to as pruning and applied to all the analysis regions. The pruning is performed as the
following:

* Neglect the normalization uncertainty for a given sample in a region if the variation is less than
0.5% in all the bins.

* Neglect the shape uncertainty for a given sample in a region if the variation is less than 0.5% in
all bins after the overall normalization is taken into account.
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5.4 Statistical analysis

* Neglect the normalization and shape uncertainties for a given sample in a region if the signal
contribution is less than 2% of the total backgrounds and the variations are each less than 0.5%
of the total backgrounds.

The following part of this section presents several tools that are important to the validation of the fit
result, including the nuisance parameter pulls and constraints, the ranking, the correlation matrices
and the breakdown of the systematic uncertainties.

Nuisance parameter pulls and constraints

In the maximum profile likelihood fit, the likelihood is maximized with respect to the signal strengths
p and the nuisance parameters (NP) 8. The fit was performed first with the Asimov dataset, which is
a representative dataset created from the simulated signal and background samples with uy g = 1.
The Asimov data is used to test the fit performance without using the actual data. The value of the
nuisance parameters is not changed when fit to Asimov data, it can only be constrained. The observed
signal strengths are extracted from fitting to the actual dataset. The value of the nuisance parameters
is changed after fitting to the actual data. The pull is defined as the difference between the post fit
value and the nominal value of the nuisance parameter.

0 -0,

pull() = =0, (5.11)

6o

where 6p = 0, og, = 1, and 0 is the value obtained from the maximum profile likelihood fit. In a
successful fit, the pull of all the nuisance parameters should not be too large.

The constraints on the nuisance parameters can be estimated from the likelihood as a function of 8
around the maximal likelihood with . The estimation is done with the same method used to calculate
the uncertainty of u. If the estimated uncertainty is smaller than unity, the nuisance parameter is
constrained by the fit. The pulls and constraints of the most important nuisance parameters are shown
in Figure 5.20. The completed plots for pulls can be found in Appendix B. The pulls are obtained
from unconditional fit to the Asimov data (red) and the actual data (black), where "unconditional"
means y is not fixed in the fit. On the contrary, conditional fit means u is fixed to a given value in the
fit. The pulls and constraints of the nuisance parameters can also be studied from a conditional fit
with g = 1. This way allows to study the stability of the fit without using the POL.

The names of the nuisance parameters in the plots correspond to the systematic uncertainty names
described in Section 5.3. Figure 5.20 (a) shows the NP pulls of large-R jets uncertainties. Most of
the NPs are not pulled very much. The NPs related to the large-R jet mass resolution (FJ_JMR) for
tf process are constrained better because of the presence of a characteristic mass peak. It allows to
precisely pin down the uncertainties related to the shape of the mjy distribution. The NP related to the
large-R jet mass resolution for diboson process is pulled down due to the disagreement between data
and MC samples. Figure 5.20 (b) shows the pulls of the NPs related to b-tagging uncertainties. These
NPs are constrained well and the pulls are small. The NP pulls for ## modeling uncertainties are shown
in Figure 5.20 (c). The normalization factors are pulled a little and constrained reasonably well because
the ¢7 processes have dedicated top control regions in OL channel and 1L channel. The NP related
to the acceptance uncertainty between HP SR and LP SR in OL channel (R_Ptv_400_LO_Ttbar) is
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Figure 5.20: NP pulls and constraints for the most important systematic uncertainties: (a) large-R jets related
systematic uncertainties; (b) b-tagging related systematic uncertainties; (c) ¢f modeling uncertainties; (d) single
top modeling uncertainties, obtained from unconditional fit to the Asimov data (red) and the actual data (black).

pulled down because of the under-fluctuation of data in high P¥ top CR. The pulls for NPs related to
single top modeling uncertainties are shown in Figure 5.20 (d). The NP related to DS-DR variations
is pulled by around 0.70 because the fit tends to prefer the DS scheme in the alternative samples over
the DR scheme in the nominal samples. The other NPs are pulled very little.

Correlation matrices

The correlation matrix shows the correlation between every pairs of the POIs and the NPs. It is
obtained from fit to both the asimov data and the actual data. Figure 5.21 shows the correlation matrix
obtained from the unconditional fit to the Asimov data, and Figure 5.22 shows the correlation matrix
obtained from the unconditional fit to the actual data. Only the NPs that have at least one correlation
larger than 0.25 with another NP are shown.

The correlation between the VH signal strength and VZ signal strength is 9% in the fit to Asimov
data and 11% in the fit to the actual data. The correlation matrices look rather diagonal, and the
correlations obtained from fit to the Asimov data and the actual data are similar. However, several
blocks can be identified. The first one to mention concerns the floating normalization and the b-tagging
uncertainties. The NP related to b-tagging uncertainty of c-jet (FT_C_1) is highly correlated to the ¢7
normalization factors (norm_ttbar_L0/1) because the c-jet can be mis-tagged as a b-jet in about
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5 Measurement of boosted VH(H — bb) process

70% of the large-R jets in the ¢7 events. The NP related to b-tagging uncertainty for b-jet (FT_B_0) is
correlated to the normalization factors of t7, W+HF, and Z+HF processes. The floating normalization
factors themselves are also correlated. Another group of correlated NPs are related to the large-R
jet uncertainties for ¢ samples. The JMR NP shows a high anti-correlation with the JES and JIMS
NPs. This correlation is expected because all these NPs have roughly the same effect on the top mass
peak.

In summary, most of the correlations between different NPs are small. The high correlations observed
in NPs related to the floating normalization, the b-tagging uncertainties and the large-R jet uncertainties
are understandable.

Nuisance parameter ranking

The maximum profile likelihood fit simultaneously extracts the signal strength y and the nuisance
parameters #. The fit adjusts the estimation of the NPs from the pre-fit nominal value 6y to the post-fit
value 6. An important validation of the fit is to quantify the impact that a NP has on the signal strength.
The impact of a NP on the signal strength is defined as:

impact = (6 + Ag) — /i, (5.12)

where i is the signal strength that maximize the likelihood, (6 + Ag) is the signal strength that
maximize the likelihood when the value of 6 varies by Ay around the post-fit value. The impact
quantifies how much the signal strength varies when the value of a NP changes. Figure 5.23 shows the
ranking of the NPs based on their impact on the signal strength.

The impact in the plots are calculated by varying the value of each NP by +o. The top 15 NPs with
the highest impact are shown. The dashed and the white boxes show the impact of the NPs on u
with 1o up and down variations, where o is the post-fit uncertainty of the NP. The yellow bands
show the impact of the NPs on signal strength with 10 up and down variations, where o is the pre-fit
uncertainty with a value of 1. Both the two kinds of impacts are displayed in the top x-axis. The
black points with error bars show the pulls and constraints of the NPs, and they are displayed in the
bottom x-axis. The open red circles with error bars represent the floating normalizations and their
uncertainties.

The ranking of the NPs agrees with the correlation matrices. As expected, these highest ranking NPs
also show the highest correlations to the signal strength.

Breakdown of the systematic uncertainties

The impact of different systematic uncertainties can be studied in combination. Systematic uncertainties
from similar sources are grouped together, and their combined impact are studied. This method can
tell the uncertainties that limit the precision of the measurement the most, which provides directions
of improvements in future analyses. The impact of a group of uncertainties is obtained by comparing
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Figure 5.23: Ranking plots for the impact of NPs on signal strength py g. The black points with error bars are
the pulls and the constraints. The open red circles with error bars are the pulls and constraints of the floating
normalizations with normalized value at 1. The boxes are the NP impacts on y, ranked in decreasing order.
The yellow bands show the NP impacts with +1 variation.

the uncertainty of the signal strength obtained from the nominal fit and the uncertainty of the signal
strength obtained from a fit with the NPs in the group fixed to 6.

: _ 2_ 2
impact = /oy, 0'#’9:9 , (5.13)
where o, is the uncertainty of the signal strength obtained from the nominal fit with all the NPs and
the POIs floated in the fit; T,0-0 18 the uncertainty of the signal strength obtained from a fit with the
NPs in the group fixed to their best-fit value 6. For example, all the NPs are fixed to their best-fit value
when study the impact of the total statistical uncertainties. The impact of the floating normalizations

can be calculated by fixing the normalization factors to their best-fit values, while other NPs are still
floated in the fit.
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5 Measurement of boosted VH(H — bb) process
5.5 Results of boosted VH (H — bb) production

The results of the VH(bb) boosted analysis are obtained from the binned maximum profile likelihood
fit and the profile log-likelihood ratio test using m;y as the final discriminant. This section presents the
fitted signal strength and the cross section measurements. The cross sections measured within the
STXS framework are further interpreted using an effective field theory (EFT) to study anomalous
couplings.

5.5.1 Post-fit mj distributions

The distributions of my in the signal regions and control regions are all used as inputs to the fit. The
signal strengths and the NPs are changed from their nominal values to maximize the likelihood. The
post-fit yields are also changed with the best-fit values of the signal strengths and the NPs,

fi-5i - vs(8) + P: - by - vip(0). (5.14)

As defined in Section 5.4.1, i is the best-fit value of the signal strength, § and 7; are the best-fit
values of the NPs, s; is the pre-fit signal yields and b; is the pre-fit background yields, vy and v
are parameterizations of the effects of the NPs on the signal and background yields. Figure 5.24,
Figure 5.25 and Figure 5.26 show the post-fit m; distributions in OL channel, 1L channel and 2L
channel, respectively. The data events are shown as the black dots, while the post-fit signal and
background events are shown as the histograms. The signal strength, the NPs and the normalization
factors are all set to their best-fit values. The agreement between data and simulated samples is good
in all the signal regions and control regions.

5.5.2 Signal strength and significance

The parameters of interest (POISs) in the default fit are the VH signal strength uy g and the VZ signal
strength pyz. The signal strengths are extracted simultaneously in the fit to maximize the likelihood.
For a Higgs boson mass of 125 GeV, the measured V H signal strengths when all three channels are
combined is:

pvi = 0.72703% = 0.72*0- 2 (stat.) 35 (syst.). (5.15)

The total statistical uncertainties are calculated with all the NPs fixed to their best-fit value. The total
systematic uncertainties are calculated as shown in Eq. 5.13. The observed excess with respect to the
background-only hypothesis has an observed significance of 2.1 standard deviations calculated from
unconditional fit to the actual data, compared to an expected significance of 2.7 standard deviations
calculated from conditional fit to the data at uy g = puyz = 1.

The measured VZ signal strength is
vz = 0917039 = 0.91 + 0.15(stat.)* )13 (syst.). (5.16)

The VZ process has an observed significance of 5.4 standard deviations, compared to an expected
significance of 5.7 standard deviations. Figure 5.27 shows the distribution of m; summed over all
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Figure 5.24: Post-fit my distributions in OL channel in the HP SRs (top), LP SRs (middle) and CRs (bottom) for
250 < p¥ < 400 GeV (left) and p‘T’ > 400 GeV (right) regions [140]. The black dots are data. The simulated
events are shown as the histograms, with the signal strength, the NPs and the normalization factors all set to
their best-fit values.
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Figure 5.25: Post-fit my distributions in 1L channel in the HP SRs (top), LP SRs (middle) and CRs (bottom) for
250 < p‘T’ < 400 GeV (left) and p‘T/ > 400 GeV (right) regions [140]. The black dots are data. The simulated
events are shown as the histograms, with the signal strength, the NPs and the normalization factors all set to
their best-fit values.
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Figure 5.26: Post-fit mj distributions in 2L channel for 250 < p‘T/ < 400 GeV (left) and p‘T/ > 400 GeV (right)
regions [140]. The black dots are data. The simulated events are shown as the histograms, with the signal
strength, the NPs and the normalization factors all set to their best-fit values.

the signal regions after subtracting all the backgrounds except for the VZ process. The events are
weighted by S/ B, which is the respective values of the fitted V H signal and background yields ratio.

Both the measured VH and VZ signal strengths are compatible with the SM predictions. In the
result of the VH signal strength measurement, the impact of the systematic uncertainties is at the
same level as the total statistical uncertainties. Table 5.23 shows the breakdown of the impact of
different sources of uncertainties on the measured signal strength. The impact of the total statistical
uncertainties includes the impact from the statistical uncertainty itself and the floating normalizations.
The statistical component is dominated by the limited size of the samples and it is more than
twice as large as the impact from the normalizations. The systematic uncertainties can be further
broken down into experimental uncertainties and theoretical uncertainties. The theoretical and
modeling uncertainties for different processes have similar impact on the signal strength. Among the
experimental uncertainties, the large-R jet uncertainties have the most impact on the signal strength,
in particular the mjy resolution. The large-R jet induced uncertainties also have the dominant impact
among all the systematic uncertainties. Therefore, the analysis can benefit from large-R jet collection
with better resolution.

5.5.3 Cross section measurements

The result is also presented as a cross section measurement within the Simplified Template Cross
Section (STXS) framework described in Section 1.3.1. The fit in the STXS framework has similar
procedure as the default one. However, the POIs are cross sections in the STXS bins instead of the
signal strengths. The definition of the STXS bins used in VH(bb) boosted analysis is referred to as
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Table 5.23: Breakdown of the impact of the systematic uncertainties on the measured signal strength py g. The
sum in quadrature of the systematic uncertainties attached to the categories differs from the total systematic

Source of uncertainty Impact on error ~ Avg. impact
Total +0.388/-0.356 0.372
Statistical +0.286/-0.280 0.283
> Data stat. only +0.251/-0.245 0.248
— Floating normalizations | +0.096/-0.092 0.094
Systematic +0.261/-0.219 0.240
Experimental uncertainties

Lepton +0.013/-0.007 0.010
Emis +0.008/-0.007 0.007
Small-R jets +0.041/-0.034 0.038
Large-R jets +0.161/-0.105 0.133
FTAG: b-jet +0.028/-0.004 0.016
FTAG: c-jet +0.012/-0.011 0.012
FTAG: light flavor jet +0.009/-0.007 0.008
FTAG: extrapolation +0.004/-0.005 0.004
Pile-up +0.001/-0.002 0.001
Luminosity +0.019/-0.007 0.013
Theoretical and modeling uncertainties

Signal +0.057/-0.019 0.038
Backgrounds +0.106/-0.095 0.100
< single top +0.031/-0.024 0.027
1 +0.037/-0.032 0.035
— WHjets +0.059/-0.057 0.058
— Z+jets +0.049/-0.047 0.048
< Diboson +0.035/-0.029 0.032
— Multijet +0.009/-0.009 0.009
MC statistical +0.091/-0.092 0.092

uncertainty due to correlations.
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Figure 5.27: my distribution summed over all the signal regions after subtracting all the backgrounds except for
WZ and ZZ processes [140]. The VH signal and the VZ process are shown as their post-fit distributions with
the signal strengths and the NPs set to their best-fit values. The total statistical and systematic uncertainties of
all the other backgrounds are shown as the hatched band.

the main splitting:

ZH, py € [250,400] GeV, [400, +c0] GeV,
WH, pY € [250,400] GeV, [400, +co] GeV.

No splitting on the number of additional small-R jets is applied. Each STXS bin has a POI
corresponding to the cross section in the region, multiplied by the branching ratio 8y _,,5. The
expected signal distribution in each STXS bin is estimated from the simulated signal samples using
truth information, in particular the truth p‘T/. The VZ process is still floating in the fit and its signal
strength is extracted simultaneously. The systematic uncertainties are identical to those defined in
Section 5.3.

The measured V H cross section in the STXS bins and their SM predictions are shown in Figure 5.28.
The black dots are the measured cross sections, with the black error bars showing the total uncertainties
and the green error bars showing the statistical uncertainties. The red lines are the SM predicted
cross sections. The main uncertainty of the cross section measurement is statistical, especially in
the high p‘T/ regions. The values of the measured and the predicted cross sections are summarized in
Table 5.24. All the measurements are in agreement with the SM predictions.

5.5.4 Effective Field Theory interpretations

The STXS results are further interpreted in an effective field theory (EFT) approach, introduced
in Section 1.3.2. In the EFT approach, the SM is considered as a low energy approximation of a
more generic model and higher dimensional operators are added to the SM Lagrangian. The cross
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Figure 5.28: Measured V H signal cross section multiplied by By _,,5 - Bv Sleptons in the STXS bins [140].

STXS bin SM prediction [fb] | measured Tot. Stat. Syst. [fb]
WH, pl¥""™ € [250,400] GeV 5.83+0.26 3.3 e e 32
WH, p}Y""™ € [400, o] GeV 1.25£0.06 2.1 s 0o
ZH, p?'"™ € [250,400] GeV 4.12+£0.45 1.4 S T 9
ZH, pZ™ € [400, o] GeV 0.72 +0.05 02 T 06 403

Table 5.24: Measured and predicted VH cross sections in STXS bins, multiplied by the branching ratio of
H — bb and V —leptons [140].

section and the branching ratio predicted by the EFT model can be related to the Wilson coefficients
as shown in Eq. 1.57. The Wilson coefficients are zero in the SM. The constraints on these Wilson
coefficients can be extracted from fitting to the STXS measurement, using the procedure described in
Ref. [63]. In total, 17 operators have effects on VH(bb) process at LO, as listed in Table 1.3. Due
to the limited number of the STXS bins, not all the Wilson coefficients of these operators can be
extracted simultaneously. Therefore, four of the Wilson coeflicients (cyw g, cHw, CHu, CH¢3) that
the analysis is most sensitive to are studied. Additionally, the coefficient |cyg|, which affects H — bb
decay width directly, is also studied. Each of the five coefficients is varied individually, with the other
coefficients set to their SM value of zero.

The result of the constraints on the five Wilson coefficients is shown in Figure 5.29. The linear terms
come from the interference between the SM and the BSM processes, while the linear and quadratic
terms include pure BSM processes. The confidence intervals are shown at 68% confidence level (CL)
with solid lines and 95% CL with dashed line. The measured coefficients are compatible with the SM
value of zero at 68% CL.

The other approach extracts a set of four linear combinations of all the Wilson coefficients simul-
taneously. These combinations, referred to as eigenvector combinations, are linear combinations of
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Figure 5.29: Constraints on the Wilson coefficients cywg, cHw, CHu, CHg3 and |cqn|. The black dots are the

observed best-fit values, the solid lines are confidence intervals at 68% CL, the dashed lines are confidence
intervals at 95% CL [140].

Coeflicient Eigenvector combination
CEA 0.99¢5;) +0.11/p,
CEB 0.82¢s, — 0.49¢};) —0.24cpq —0.13cf;),
cEc 0.67Zg +0.66ckw +0.18cy;) —0.16c)y, +0.14ckwsp +0.12¢))
cep | 0.70cHq +0.52cwp +0.27cp, — 0.27cpw — 0.24cq +0.13ckp

Table 5.25: Linear combinations of the main Wilson coefficients according to the principal component
decomposition eigenvectors.

the Wilson coefficients based on the eigenvectors of the principal component decomposition. The
combinations are shown in Table 5.25, expressed in terms of the main Wilson coefficients and an
additional independent parameter 7z for H — bb branching ratio. The fit result of these linear
combinations is shown in Table 5.26. No significant deviation from the SM prediction is observed.
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5 Measurement of boosted VH(H — bb) process

Coefficient | Expected Observed
CEA 0.000*0-039 | —-0.010%0-0°1
0.20 0.19
CEB 0.00%19 =0.217559
0.71 0.70
CEC 0.00% ¢ -0.627 ¢
CED 0.073% 0.4%38

Table 5.26: Expected and observed values of the coeflicients corresponding to the eigenvector combinations,
with 68% CL [140].
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5.6 Future improvements of H — bb measurements

The VH(bb) resolved and boosted analyses have been carried out independently with full Run 2
dataset. The next step naturally comes to the combination of the two analysis. The VH(bb) legacy
analysis aims to design one coherent, harmonized approach to extract the results of the stand-alone
VH(bb) resolved and boosted analyses. The phase space of the two analyses significantly overlaps and
the combination is not straight forward. To combine the two analyses, one of the method is to select
the more suitable topology for every single event, which is also the most complicated combination.
Simpler approach uses p‘T/ cuts to decide the phase space for resolved and boosted analyses. The
easiest combination is to use the resolved analysis strategy for p‘T/ < 400 GeV, and the boosted analysis
strategy for p‘T/ > 400 GeV. The VH(bb) legacy analysis benefits from the improved performance
like the improved small-R jet resolution, better b-tagging, as well as several improvements in the
analysis strategy. This section describes the optimization of the analysis strategy that I have personally
contributed to.

5.6.1 Selection of Higgs boson candidate

As described in Section 5.2.1, the events are required to have at least two track jets being ghost-
associated to the leading large-R jet, and the two leading track jets have to be b-tagged at 70%
efficiency in the stand-alone VH(bb) boosted analysis. This tagging strategy was optimized when the
final discriminant is the large-R jet mass. However, this strategy is no longer the optimal one with the
introduction of the multivariate analysis (MVA). The tagging strategies that have been studied in the
legacy analysis are

* Leading2: the two leading track jets matched to the large-R jet have to be b-tagged.

» Leading3: exactly two track jets in the three leading track jets matched to the large-R jet have
to be b-tagged. If the event only has two matched track jets, then both of the two jets have to be
b-tagged.

The "Leading2" strategy is the same as the tagging strategy used in the stand-alone V H(bb) boosted
analysis. The signal regions in OL channel and 1L channel still require no b-tagged track jets outside
the leading large-R jet, and the top control regions are required to have at least one additional b-tagged
track jet.

The b-tagging algorithm applied in the VH(bb) legacy analysis is the DL1 [135, 136], which is a
tagger based on a deep neutral network (DNN). The DL1 tagger has an multidimensional output
corresponding to the probabilities for a jet to be a b-jet, a c-jet or a light-flavor jet. The final DL1
b-tagging discriminant is defined as:

Pb

DLIr =1In ,
fe pe+ (1= fo) * Plight

(5.17)

where py,, p. and piigne are the b-jet, c-jet and light-flavor jet probabilities, respectively; f. is the
effective c-jet fraction in the sample used in the training. The distribution of the DL1 b-tagging
discriminant is shown in Figure 5.30. Similar to the MV2 discriminant, the DL1 discriminant
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Figure 5.30: Distribution of the b-tagging discriminant from the DL1 algorithm for b-jets, c-jets and light-flavor
jets in simulated ¢7 events [135].

Rejections
Efficiency | Cut value
c-jet | T-jet | light jet
60% > 2.74 27 | 220 1300
70% >2.02 94 43 390
77% > 1.45 4.9 14 130
85% > 0.46 26 | 39 29

Table 5.27: Background jets rejection rates for different DL1 b-tagging efficiency working points, computed
from simulated ¢7 samples [135].

distributions are also divided into five bins, with boundaries defined at b-tagging efficiency for
85%, 77%, 70%, 60%, bounded by the trivial 100% and 0% selections. Table 5.27 summarizes the
background jet rejection rates for different working points.

Different b-tagging efficiencies are tested with both the "Leading2" and the "Leading3" tagging
strategies. The distributions of my in signal regions with the "Leading2" and the "Leading3" tagging
strategy at different b-tagging WPs are shown in Figure 5.31. The "Leading3" tagging strategy
combined with the b-tagging WP at 85% allows the most events passing the event selection, which is
a benefit for the MVA training. Table 5.28 summarizes the significance evaluated from distributions
of my and MVA discriminant with different b-tagging WP applied to track jets matched to the large-R
jet for "Leading2" strategy. The values of the significance are calculated using the formula

Z= Z 2((s; + b;) - In(1 + 5:/b;) = s7), (5.18)

iebins
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Figure 5.31: Distributions of m; in high purity signal regions with the "Leading2" (left) and the "Leading3"
(right) tagging strategy for b-tagging WPs at 70%, 77% and 85%.
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Leading? strategy

py > 400 GeV HP SR | pY > 400 GeV LP SR
b-tagging WP
my MVA my MVA
70% 1.22 1.64 0.82 1.09
77% 1.27 1.87 0.83 1.19
85% 1.32 1.93 0.77 1.26

Table 5.28: Significance evaluated from distributions of m; and MVA discriminant with different b-tagging
WPs for track jets matched to the leading fat jet. All results are obtained with "Leading2" strategy.

b-tagging WP at 85%

Leading2 | Leading3

HP SR 2.01 2.04
LP SR 1.32 1.35
inclu. SR 242 248

Table 5.29: Significance calculated from BDT output distributions for Leading? and Leading3 strategies in
p‘T/ > 400 GeV HP SR, LP SR or in one inclusive p‘T/ > 400 GeV SR, OL channel.

where s; and b; are signal and background yields in each bin of the distribution. For the results in
Table 5.28, the b-tagging WP applied to track jets not matched to the leading large-R jet are all set
to 70%. The significance improved over 40% with the MVA output as the final discriminant. The
b-tagging efficiency at 85% together with the MVA give the largest overall significance among all the
working points for "Leading2" strategy. The b-tagging WP applied to track jets not matched to the
leading large-R jet is also studied. With the b-tagging efficiency for matched track jets fixed at 85%,
the b-tagging efficiency for unmatched track jets has very little impact on the significance.

The "Leading3" strategy is also studied with different b-tagging efficiencies. The significance
evaluated using MVA discriminant is constantly a little larger with the "Leading3" strategy compared
to the "Leading2" strategy, as the "Leading3" strategy provides more information to the MVA.
Table 5.29 shows the comparison of the two strategies when the b-tagging efficiency is set to 85%.
All the significance values in the table are calculated using the formula from the MVA discriminant
distributions. The small difference between Table 5.29 and Table 5.28 comes from the optimization
of the MVA training.

Finally, the default Higgs tagging strategy for boosted topology in the VH(bb) legacy analysis
requires:

* At least two track jets matched to the leading large-R jet through ghost association.

» Exactly two track jets in the three leading matched track jets being b-tagged at 85% efficiency.
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Figure 5.32: Sketch of a decision tree with three layers. The decision starts from the root node on variable x;,
the samples are divided to two categories. The procedure is repeated at every node, until each event is decided
as signal-like or background-like.

5.6.2 Multivariate discriminants

The multivariate analysis (MVA) is introduced to boosted topology in the VH(bb) legacy analysis. A
set of boosted decision trees (BDT) are trained to discriminant the V H signal from the background
processes. The BDT is a collection of decision trees that are combined with weights. The MVA
is provided with a training sample with simulated signal and background events, each event has a
set of variables. The structure of a decision tree is illustrated in Figure 5.32. Each decision tree is
constructed with several nodes. The events are split based on one of the input variables at each node.
The split at each node is chosen to maximize information gain or minimize entropy. The information
gain is based on the decrease of entropy after the split. The entropy is a measurement of purity in
the sample. It is maximized for equal mix of signal and background events; minimized for nodes
with only signal events of only background events. The terminal nodes, also known as "leaves",
represent a class label or a probability. In this case, it is signal or background. Technically, a decision
tree can grow as much as it could. However, the resulting BDT would be extremely over-trained,
which means the training would perform significantly worse if applied to an independent testing
sample. The configuration of the BDT needs to achieve a balance between the separation power and
the over-training.

The BDT combines many decision trees into a strong classifier through techniques like adaptive
boosting (AdaBoost). The decision trees are created iteratively. After each iteration of the training
process, the misclassified events in the previously trained decision tree are given higher weights. Then
all the events with higher weights are given more importance in the next iteration. The initial event
weight is w; | = 1/N, where N is the total number of events. After the m-th iteration, the event weight
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is updated to
eWmI0i#h(xi) (5.19)

Wim+l = Wim

where y; is the desired output for event i, 4(x;) is the output from the weak learner (one decision tree),
I(y; # h(x;)) is the misclassification rate of the decision tree, @, is the weight of the tree defined as:
1-¢,

am = In , (5.20)

€m

€n is the weighted misclassification rate calculated as €,, = 3; Wi - 1(y; # h(x;))/2; Wi.m. The final
BDT discriminant becomes

M
hi(x;) = sign [Z Amhm(xi)| - (5.21)
m=1

The BDTs are trained in merged signal regions in py. > 400 GeV and 250 GeV < py < 400 GeV.
The high purity SR and the low purity SR in each p‘T/ region are merged as the number of additional
small-R jet is used as an input variable to the MVA.

The MVA is trained after applying the baseline event selection and the Higgs tagging selection. The
input variables to the training are:

* large-R jet mass myj.

* Missing transverse momentum E}ni“.

track jet | track jet2 track jet 3 . .
Trac el Tmc e pTrac 7 transverse momentum of the three leading track jets matched to

the leading large-R jet. If an event only has two matched track jets, pr of the third track jet is
setto -1.

* DL1(b-jet 1), DL1(b-jet 2): binned DL1 b-tagging discriminant for the two b-tagged track jets.
The discriminant distributions are divided into five bins as described in the previous section.

. Agb(E%]iSS, large-R jet): angular distance between E;“iss and the large-R jet.
* AR(b-jet 1, b-jet 2): distance between the two b-tagged track jets.

* number of small-R jets not matched to the leading large-R jet.

* number of track jets matched to the leading large-R jet.

The selection of these input variables is based on the variables used in event selection and categorization.
The large-R jet mass is the final discriminant of the VH(bb) boosted analysis. E%“iss, track jet pr,
A(ET", large-R jet) and AR(b-jet 1, b-jet 2) have been proved useful in the baseline event selection of
the VH(bb) boosted and resolved analyses. Number of small-R jet not matched to the leading large-R
jet and number of track jets matched to the leading large-R jet are used in the event categorization
of the VH(bb) boosted analysis. The binned DL1 h-tagging discriminants have been tested in the
training. The BDT trained with these two variables is able to improve the significance of the analysis
by more than 10%.

The MVA parameters have been optimized in a wide range to maximize the significance and keep the
over-training small at the same time. The optimized configuration is found as the following:
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Figure 5.33: Results of MVA training with the optimized configuration, (a) BDT output distribution, (b) signal
and background efficiency as a function of the cut value on the BDT output.

* MaxDepth = 3, a decision tree can have three layers at most.

¢ nCuts = 60, the maximum number of cuts can be used to build a tree.

* MinNodeSize = 2, minimum 0.2% of data be used to make a new node.

* nTrees = 800, number of trees in the training.

* AdaBoostBeta = 0.35, learning rate, the step to adjust weight after each iteration.

Figure 5.33 shows the distributions of the BDT output and the signal (background) efficiency. The
training has the optimized configuration listed above. The core of the training algorithms is based on
adaptive boosting in the TMVA framework [149]. The preliminary result of fitting with BDT output in
OL channel is shown in Figure 5.34. The binning of the fit is determined from the binning algorithm
referred to as "transformations". The transformation function used in the fit of the preliminary result
is defined as

Z = zgng[Ng + zpnp [ Np, (5.22)

where z; = 3, 7, = 2 are parameters with values that can be adjusted, Ny(p) is the total yields of signal
(background) events in the histogram, n(;) is the number of signal (background) events in the interval
I(k,1). The binning process starts from the rightmost bin of the input histogram, the range of the
interval /(k, ) is increased by adding one bin after the other. The value of Z is calculated at each step.
Once the condition Z(I(k,1)) > 1 is fulfilled, the second bin boundary is defined.

The significance from fitting with BDT output is 2.01 in p‘T/ > 400 GeV, OL channel. The significance
from fitting with m; in the same region using the exact same event selection is 0.99. The implementation
of MVA for VH(bb) boosted is expected to bring in significant improvement to the analysis.
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Figure 5.34: Preliminary result of fitting with BDT output in OL channel.
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6 Conclusions

The discovery of the Higgs boson in 2012 marks an outstanding achievement in particle physics. The
properties of the Higgs boson has been measured more and more precisely since then. This thesis
presents the measurements of a Higgs boson decaying into a pair of b-quarks, produced in association
with a vector boson decaying into a pair of leptons. The H — bb decay is an important channel to
study the coupling between the Higgs boson and the fermions. It was observed seven years after
the discovery of the Higgs boson because this channel has an all-hadronic final state through the
gluon-gluon fusion production mode. The most sensitive production mode to study H — bb decay is
the VH production. The leptons from the decay of the vector boson enable sufficient rejection of the
multijet background.

The observation of the VH(H — bb) process is carried out in two analysis strategies with pp collision
data at center-of-mass energy of 13 TeV collected by the ATLAS detector during 2015 to 2018,
corresponding to an integrated luminosity of 139 fb~!. The VH(bb) resolved analysis targets low
to medium py phase space, while the VH(bb) boosted analysis targets medium to high pt phase
space. This thesis focuses on the VH(bb) boosted analysis. The decay products of the Higgs boson
are reconstructed as a large-R jet. For a Higgs boson mass of 125 GeV, the significance of the VH
process was observed (expected) to be 2.1 (2.7) standard deviation. The results are compatible with
the Standard Model predictions. The analysis performs a simultaneous fit to study the signal-like VZ
background. The VZ process is observed with a significance of 5.4 standard deviations, compared
to an expected significance of 5.7 standard deviations. The cross section of the VH signal has been
measured in the STXS bins and interpreted in an EFT approach. All the measurements are compatible
with the SM.

The analysis can be improved from several aspects. The total statistical uncertainty is at the same
level as the total systematic uncertainties with full Run 2 dataset, therefore the increased luminosity of
Run 3 will significantly improve the sensitivity of the analysis. The large-R jet uncertainties have
the most important contribution to the uncertainty of the signal strength. The improved large-R jet
reconstructed from unified flow objects will enable more precise measurement of the signal strength.
The analysis will also benefit from the improved energy resolution of the small-R jet collections and
the flavor tagging performance.

The analysis strategy has already been improved in the VH(bb) legacy analysis. One of the important
improvement in the legacy analysis is the use of machine learning technique. The boosted decision tree
output will be used as the final discriminant in the fit. It is expected to bring in significant improvement
to the analysis on the basis of the large-R jet mass. The Higgs candidate selection strategy is also
improved together with the multivariate analysis. Another improvement is the combination of VH(bb)
resolved and V H(bb) boosted analyses. It can be implemented in several ways. Other than the simple
combination, the more complicated combination could give extra improvement to the analysis.
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6 Conclusions

The H — bb decay channel has been observed by the CMS experiment in Run 2 [58, 150]. The
main contribution to the observation is from VH production. The analysis strategies are similar to
the VH(bb) resolved and boosted analyses at the ATLAS experiment. The CMS VH(bb) resolved
analysis also used two small-R (R = 0.4) jets to reconstruct the decay products of the Higgs boson.
The VH signal was observed with a significance of 4.8 standard deviations, and expected with 4.9
standard deviations using data collected in Run 1 and early Run 2. The CMS V H(bb) boosted analysis
used R = 0.8 large-R jets and different b-tagging algorithms. The ATLAS and the CMS analyses
have the same STXS bins. The resolved and the boosted analysis has been combined by using the
resolved strategy in p‘T/ < 250 GeV, and the boosted strategy in p¥ < 250GeV. The inclusive signal
strength measured by the CMS experiment using full Run 2 data is 0.58f8:}§ [151], with an observed
significance of 3.3 standard deviations. Future combination of results from the ATLAS and the CMS
experiment could improve the measurement further.

The Standard Model is still far from being a complete theory. The H — bb decay channel provides a
great way to study the Yukawa nature of the coupling between the Higgs boson and the fermions [152,
153]. With the upgrades of LHC Run 3 and the High-luminosity Large Hadron Collider (HL-LHC)
project in the future, the precision measurements in H — bb channel have potential to observe
anomalous couplings.
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A MC calibration of R = 0.4 jets in low-u
environment

Measurements that probe the strong interaction, constrain parton distribution functions and meas-
urements with heavy ion data have special interests for data collected in low pile-up environment.
Jets reconstructed in low-u data need to have a dedicated MC JES calibration. Therefore the MC
calibration was derived for small-R jets reconstructed from EM energy scale topo-clusters (EMTopo)
and PFlow objects (EMPFlow). The binning used in small-R JES calibration is slightly different, the
n bins are from -4.5 to 4.5 with bin width of 0.1 and the E bins are from 20 GeV to 5500 GeV with
various bin width. The MC samples are QCD di-jet processes generated by Pythia 8.

The initial JES calibration derived for Run 2 data is for EMTopo jets. The average out of time pile-up
(u) is 2. The reconstruction of the jets uses the same calorimeter cell noise threshold as the standard
LHC Run 2 data, corresponding to {u) = 40. No pile-up correction is applied before MC calibration.
The energy response distributions of uncalibrated and calibrated EMTopo jets are shown in Figure A.1.
The calibrated energy response is close to unity in most of the regions. The only non-closure occurs
when pr gets very small (close to 20 GeV), so the recommended low pr threshold for EMTopo jets is
above 20 GeV.

With the improved performance of small-R jets reconstructed from PFlow objects, the default jet
collection in the ATLAS experiment has been updated. The MC JES calibration for EMPFlow jets in
low-u environment is also derived. The calorimeter noise threshold used in the reconstruction was the
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Figure A.1: Energy response for EMTopo jets in low-u environment, in bins of 7 at different E"" slices. The
jet energy is reconstructed with calorimeter noise threshold corresponding to (u) = 40.
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Figure A.2: Energy response for EMPFlow jets in low-u environment, in bins of 7 at different E'™¢ slices. The
jet energy is reconstructed with calorimeter noise threshold corresponding to low-u environment.

same as the standard Run 2 data, denoted as th(u = 40). Then it was upgraded to the noise threshold
corresponding to low-u data, denoted as th(u = 0). Figure A.2 shows the energy response distributions
of EMPFlow jets reconstructed with th(u = 0) in low-u environment. The JES factors and calibration
performance of EMPFlow jets reconstructed with th(u = 40) are very similar. The uncertainties can
be limited within 4% in pr > 20 GeV, and within 1% in most of the studied regions.

The advantage of using th(u = 0) in the reconstruction is to improve the resolution of jet energy.
Figure A.3 shows the estimated energy resolution from the calibrated energy response histograms
generated in the JES calibration. The energy resolution is estimated as 68% interquartile range of the
calibrated energy response histograms in (E'™¢, ) bins. The bin centers are taken as the jet kinematic
variables of the estimated resolution. Jets reconstructed with th(u = 0) has better energy resolution
than jets reconstructed with th(u = 40) constantly. EMPFlow jets reconstructed with th(u = 0)
becomes the default jet collection for low pile-up data.

168



5 ] § 02F L T T T
30 ERE-RAt S “mu,=0 -
© 0.16 = © 0.18F - ]
w ] w E mu,, = 40 E
0.15 = 0175 n=10

1 0.16 E

0.14 — E E

a1 0.15:— =

0.13 E 0.14F 3
0.12 3 0.13F E
0.11 E 0.12 — 3

] 0.11E s

5530 35 40 45 50 55 60 65 70 55730 35 40 45 50 55 60 65 70
P, [GeV] P, [GeV]

g LA AL I LA R R I I I S 028;' T T "I""I‘{
5 0.2 o — g E o E
El r mu, =0 El 0.261~ mu, =0
r B [} = .

= o18f e mu,=40 | S 024 > mu, =40 |
- n=20 0.22 n=35

0.16 = 025 E

F . 0.8 E

014~ ] 0.16f =

C ] 0.14F =

0.121 -~ g 0.12F E
0.1;|||1\‘\\\\\ PRI SRR T R S J‘i??xli 01? 7:

25 30 35 40 45 50 55 60 65 70 25730 35 40 45 50 55 60 65 70

p, [GeV] P, [GeV]

Figure A.3: Energy resolution distributions of EMPFlow jets reconstructed with calorimeter noise threshold
corresponding to standard Run 2 environment: th(u = 40), and low-u environment: th(u = 0). The resolution
values are estimated as 68% interquartile range of R = E¥i®/ E™ hjstograms in (E"™¢, 1) bins.

169






B Nuisance parameter pull plots

The NP pulls shown in this appendix are obtained from unconditional fit to the Asimov dataset
(red) and the actual dataset (black) in VH(bb) boosted analysis. These plots together with the plots
presented in Section 5.4.4 contain the completed NP pulls. Figure B.1 shows the pulls for NPs related
to experimental systematic uncertainties, and Figure B.2 shows the pulls for NPs related to modeling
systematic uncertainties.

Figure B.1 (a) shows the NP pulls for the uncertainties related to small-R jet. Most of these NPs
are not pulled very much. The NPs related to jet energy resolution (JER) are pulled a little. The
uncertainties have very small impact on the analysis because the small-R jets are only used in the
event selection. The NP pulls for uncertainties related to leptons, E%‘iss and luminosity are shown in
the rest plots in Figure B.1. All these NPs are constrained well and pulled very little.

Figure B.2 (a) and Figure B.2 (b) show the NP pulls for V+jets modeling uncertainties. The floating
normalization factors for Z+HF (norm_Zbb) and W+HF (norm_Wbb) are constrained to 1.32 and
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Figure B.1: Pulls and constraints for NPs related to experimental systematic uncertainties.
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Figure B.2: Pulls and constraints for NPs related to modeling systematic uncertainties and QCD multi-jet.
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1.12, respectively. The NPs are not pulled very much. The acceptance uncertainty between signal
region and top control region for Z+jets is pulled up. The acceptance uncertainty between HP and LP
signal region for W+jets is pulled down. These pulls occurred because the fit tends to adjust the MC
predictions to match the data. The pulls of modeling uncertainties for diboson, multijet and signal are
shown in Figure B.2 (c), B.2 (d) and B.2 (e), respectively. All the NPs are pulled very little.
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