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by Ryan Justin Atkin

This thesis presents a Simplified Template Cross-Section (STXS) measurement of the production

of the SM Higgs boson in association with a W or Z boson, where the Higgs boson decays

to bb̄ and the W/Z boson (V ) decays leptonically. The data used is the full Run-2 ATLAS

dataset, corresponding to 140 fb−1 of integrated luminosity, which was collected in proton-proton

collisions at a centre of mass energy of
√
s = 13 TeV. This process was previously observed by

both the ATLAS collaboration in 2021, and the CMS collaboration in 2023, measuring the signal

strength to be µbbV H = 1.02+0.18
−0.17 and µbbV H = 1.15+0.22

−0.20 respectively.

The measurement in this thesis expands the STXS regions to 10 by splitting each region by

the number of jets additional to the Higgs decay products. Some of these regions have not

been studied yet and so this measurement acts a feasibility study for those regions. All 10 of

the STXS regions studied have a signal strength which agrees well with the standard model

expectation. While some signal strengths are negative, their uncertainties were large enough to

still agree with a value of 1. Increasing the minimum requirement on the transverse momentum

of the additional jets was found to decrease the uncertainties on the signal strengths for the

regions with at least one additional jet. However, this reduction was not enough to obtain

statistically significant results in some of the additional jets STXS regions.
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Chapter 1

Introduction

The most successful theory at describing the fundamental particles and forces of the universe

(except for only gravity) is the Standard Model (SM) of particle physics [1–4]. At the core

of the SM is the concept of symmetry and gauge invariance. The first Quantum Field The-

ory (QFT), known as Quantum Electrodynamics (QED) [5–7], was expanded upon to include

quarks, the strong and weak forces and spontaneous symmetry breaking, resulting in the SM.

The SM describes three of the four fundamental forces of nature, and how all the known fun-

damantal particles interact via those forces. With the discovery of the Higgs boson in 2012 by

the ATLAS [8] and CMS [9] collaborations at the Large Hadron Collider (LHC) [10], all the

particles predicted by the SM have been discovered. To date, there have been no significant

results that disagree with the SM [11], even with increasingly precise measurements.

Despite the successes of the SM, experimental observations and theoretical insights, mostly

from outside of particle physics, suggest that the SM is an approximation of a more funda-

mental theory of nature [12]. Now that all the pieces of the current SM have been found, the

goal of particle physics is to discover this more fundamental theory. Areas of study include the

nature of neutrinos, the origin of dark matter [13], the reason for the baryon asymmetry in the

universe [14], and attempts at describing gravity on the quantum scale [15]. There are also some

questions about the Higgs boson: is it a fundamental scalar boson or a complex object? why is

its mass so much lower than the naive expectation? and why do the fundamental particles have

the masses that they do? More on the Higgs in Section 2.2.

One of the most promising approaches to finding deviations from the SM is to perform precision

measurements of the Higgs boson. Of the 19 free parameters in the SM, 15 of them are related to

the Higgs [16][17]. Therefore, many extensions of the SM have properties significantly different

to the SM Higgs boson properties. Precision measurements of the Higgs boson’s properties thus

may be a very promising way of finding new physics.

The search for possible theories beyond the SM (BSM) at the LHC can be done either directly

by searching for new particle productions, or indirectly by looking for discrepancies between

1



Introduction 2

the SM predictions and the experimental data. The direct searches use specific BSM models to

search for any of the particles they predict, for example supersymmetry [18][19] or the two-Higgs-

doublet model [20]. Indirect approaches perform precision measurements of the cross-sections

to find discrepancies with the SM predictions. Effective Field Theories (EFTs) are a common

method to parametrise the LHC data in this case, assuming some higher energy theory that

exists beyond the scale of the LHC. The benefit of the indirect method is that there are far less

assumptions of the new physics, whereas direct searches usually have many assumptions based

on the particular properties of the new particle.

This thesis presents a measurement of the Higgs boson (H) production rate in association with

a W/Z boson (collectively called vector bosons, V ). The decay channel involves the leptonic

decays of the vector bosons, and the Higgs boson decaying to two b-quarks. The measurement

is performed within the Simplified Template Cross-Section (STXS) framework [21][22], using a

multivariate approach to maximally discriminate between signal and background events. The

data studied is the full Run-2 dataset of proton-proton (pp) collisions, corresponding to a lu-

minosity of 140 fb−1, at a centre-of-mass energy of
√
s = 13 TeV, and collected by the ATLAS

experiment at the LHC. For the presented measurement, the b-quarks were at low enough mo-

menta such that they could be individually reconstructed, or resolved. At higher energies, the

two b-quarks become too collimated to each other, or boosted, that they cannot be individually

resolved. So while the analysis presented in this thesis is an independent measurement, it is

heavily based on the ATLAS analysis [23] that combines the previous V Hbb̄ resolved [24], V Hbb̄

boosted [25] and V Hcc̄ resolved [26] analyses.

This thesis is structured as follows:

• Chapter 2 introduces the theoretical and phenomenological context of this thesis, with

a short overview of the SM of particle physics. There will also be a focus on the Higgs

mechanism and cross-sections, both fundamental aspects of the analysis.

• Chapter 3 gives an overview of the LHC and the ATLAS experiment, along with the

methods used to simulate theoretical models and produce Monte Carlo data.

• Chapter 4 describes the algorithms used within the ATLAS collaboration for the recon-

struction and identification of the particle four-momenta from raw detector information.

• Chapter 5 introduces the V H process, as well as the object and event definitions used by

this analysis and the Monte Carlo samples used. Additionally, the statistical methods and

final measurement techniques are described.
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• Chapter 6 describes the experimental and modelling systematic uncertainties used in this

analysis.

• Chapter 7 presents the results of the study on increasing the transverse momentum selec-

tion applied to the additional jets in the event, in terms of a likelihood fit within the STXS

framework with finer binning. While these changes were implemented by the ATLAS com-

bination analysis mentioned above, the results shown in this thesis are independent to their

analysis.

• Chapter 8 provides a brief summary and conclusion of the thesis.



Chapter 2

Theoretical background

This chapter introduces the theory that describes our current knowledge of particle physics,

the SM, and follows mostly from what is in References [27][28]. A focus is put on the Higgs

mechanism and a summary of Higgs processes studied at the Large Hadron Collider. The SM

has proven time and again to agree with experimental observations, however there are several

aspects of the natural world that the SM is unable to explain. One way to test new theories

or their effects on the SM is to use EFTs. The benefit of EFTs is that they are less model

dependent than other methods, and allow the study of theories whose energy scales are beyond

the reach of the LHC.

2.1 The Standard Model

The SM is the current theoretical framework that describes all the known elementary particles

and their interactions with three of the fundamental forces of nature. The SM describes the

electromagnetic, weak and strong interactions via their quantised force mediators, or gauge

bosons, and how they interact with the fundamental matter particles, known as fermions. The

fermions, all spin-1
2 , comprise of six quarks, six leptons and all their anti-particles. The gauge

bosons, spin-1 particles, comprise of one electromagnetic force carrier (photon, γ), three weak

force carriers (W±, Z0) and eight colored strong force carriers (gluons, g). Additionally, there

is a spin-0 (scalar) boson responsible for the masses of the massive fundamental particles (Higgs

boson, H).

The leptons are composed of the unit charged electron, muon and tau lepton (e,µ,τ) that

interact via the weak and electromagnetic forces, and their corresponding chargeless neutrinos

(νe,νµ,ντ ) that only interact via the weak force. The six quarks are comprised of the up, charm

and top quarks (u, c, t, known as up-type quarks), and the down, strange and bottom quarks

(d, s, b, known as down-type quarks). The up-type and down-type quarks have electric charges

4



Theoretical background 5

of +2
3 |e| and −1

3 |e| respectively, and are able to interact with the weak, electromagnetic and

strong forces. In a somewhat similar manner to electromagnetism, the quarks and gluons carry

an additional form of charge known as color charge, through which the strong force interacts.

Unlike the electromagnetic force which has positive or negative charges however, the strong

force has three color charges, namely blue, green and red, and their anti-color equivalents. A

quark only carries one of these colors at a time, which is switched to another color via a gluon

exchange, while the gluons carry two color charges: one color and one different anti-color charge

(e.g., blue anti-green). Due to color confinement, only colorless particles are allowed to exist

freely in nature, as a color-anti-color pair, or a combination of all three colors. The result of

this is that an individual quark or gluon cannot exist by itself but has to be combined into a

colorless composite particle (hadron), such as a meson (two quarks) or baryon (three quarks).

There are some more exotic combinations possible, for example a tetraquark (four quarks) [29]

or a pentaquark (five quarks) [30]. A diagram summarising the fundamental particles of the

SM is given in Figure 2.1. All of the stable matter in the universe is comprised of the first

generation of fermions: the up and down quarks, and the electron and electron neutrino. The

second and third generations of fermions are unstable and decay to the lighter particles in the

first generation via the weak force.

The SM is a relativistic QFT, built on the lagrangian formalism and the principles of local

gauge invariance, i.e., the lagrangian and the dynamics of the system do not change under local

phase transformations of the fields. The fermions obey the Fermi-Dirac [32] statistics, and a

free fermion follows the Dirac Lagrangian:

LDirac = ψ̄(iγµ∂µ −m)ψ. (2.1)

Here, m is the mass of the particle, ψ is the Dirac field spinor, γµ represents the Dirac-γ matrices

and ∂µ is the partial four-derivative. The Einstein summation is used whereby the up and down

µ indices are summed over the four co-ordinates (0,1,2,3) of time and space. This spinor field

transforms under a local U(1) phase transformation, such that:

ψ(x)→ ψ′(x) = eiqθ(x)ψ(x), (2.2)

where θ(x) is the phase shift and q is the elementary charge. Ensuring the Lagrangian remains

invariant under this transformation, a new degree of freedom is added to the partial derivative

such that:

Dµ = (∂µ + igEAµ), (2.3)

where Aµ transforms as:

Aµ → A′µ = Aµ − ∂µθ(x). (2.4)

Here, Aµ is considered the gauge field for the electromagnetic interaction, representing the
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Figure 2.1: Diagram of the 12 fundamental fermions and 5 fundamental bosons of the
Standard Model of particle physics [31]. Brown loops show which of the gauge bosons (red)
couple to which fermions, split by quarks (purple) and leptons (green). The Higgs boson couples

to all particles with mass.

photon, and gE is the electromagnetic interaction strength. Following this, the QED Lagrangian

can be written as:

LQED = ψ̄(iγµDµ −m)ψ − 1

4
FµνF

µν , (2.5)

where Fµν = ∂µAν − ∂νAµ is the electromagnetic field strength tensor and FµνF
µν represents

the kinetic energy term of the photon. The QED Lagrangian describes the interaction between

all electrically charged fermions and photons.

Extending the unitary group of dimension one (U(1)) to the special unitary group of dimension

three (SU(3)), we move into the realm of Quantum Chromodynamics (QCD) [33–35]. This

results in the expansion from one mediator (photon) in QED, to eight mediators (gluons) in

QCD, corresponding to the eight generators of the SU(3) local gauge symmetry. Additionally,

the number of charges increases from one to three color charges. The only particles that carry
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the color charge are the quarks and the gluons, and collectively are often referred to as partons.

Unlike photons, the gluons are able to self-interact. One of the results of this self-interaction

is that the strong force does not weaken as the distance between two colored objects increases,

and so the potential energy of the interaction increases linearly as the distance is increased. At

some point it becomes energetically favourable for new quarks to be created from this energy as

opposed to increasing the energy further, confining the colored quarks into colorless composite

particles. Another important aspect of QCD is known as asymptotic freedom and is related to

the variation of the strong coupling constant, αs, as the energy scale Q2 varies. This is evident

in the following equation:

αs(Q
2) ∝ 1

ln(Q2/Λ2
QCD)

, (2.6)

where ΛQCD is the QCD energy scale on the order of 200-300 MeV [11]. For smaller energy

scales (larger distances) below ΛQCD, αs becomes larger than 1 and the theory enters the non-

perturbative regime. At higher energy scales (shorter distances) above ΛQCD, αs decreases

below 1 which allows for perturbative calculations to be used.

Within the SM framework, the electromagnetic and weak forces are combined into an electro-

weak (EW) interaction. The charged-current weak interaction relating to the W bosons, are

associated with the special unitary group of two dimensions SU(2)L. The L indicates that this

interaction only couples with the left-handed (right-handed) particle (anti-particle) states. The

generators of this SU(2)L gauge symmetry are the weak isospin T, which can be written in terms

of the Pauli spin matrices σ as T = 1
2σ. Using this description, the left-handed particles and

right-handed anti-particles are represented by weak isospin doublets with total isospin IW = 1
2 ,

while the right-handed particles and left-handed anti-particles are represented by weak isospin

singlets with IW = 0. In order to conserve the local gauge symmetry of the Lagrangian, three

gauge fields W k
µ , with k = 1, 2, 3, are introduced, acting in a similar manner to Aµ. The weak

charged-currents can be expressed as linear combinations of W 1
µ and W 2

µ as:

W±µ =
1√
2

(W 1
µ ±W 2

µ). (2.7)

Since the W bosons have integer electric charge, they can only interact between fermions that

differ in charge by ±1, resulting in quark and lepton doublets of the form, e.g.:

qL =

(
u

d

)
L

, lL =

(
νe

e−

)
L

. (2.8)

Under the SU(2)L transformation, the two components of the doublet mix, allowing the weak

force to change, e.g., a left-handed e− to a left-handed νe via a W boson. However, only

left-handed fermions can mix under the weak force SU(2)L transformations. Since there is no

experimental evidence for a right-handed gauge group SU(2)R [11], the right-handed electron

singlet, e−R, does not participate in weak interactions and cannot mix with other particles under
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weak force transformations.

From experimental observations, the Z boson interacts with both left- and right-handed parti-

cles, and so cannot be associated with the W 3 gauge field. However, in the electroweak model

of Glashow [1], Salam [2] and Weinberg [3], a U(1)Y local gauge symmetry is used instead of the

U(1) symmetry, which introduces the weak hypercharge Y = 2Q− 2IW , where Q is the electro-

magnetic charge. There is also a new gauge field Bµ, charged in terms of the weak hypercharge

Y . The combination of SU(2)L ⊗ U(1)Y generates four gauge fields of the electroweak interac-

tion with two being the W± bosons introduced earlier. The other two, Zµ and Aµ, correspond

to the Z boson and photon respectively and are created via the combination of the Bµ and W 3
µ

fields, as:

Aµ = +Bµ cos θW +W 3
µ sin θW ,

Zµ = −Bµ sin θW +W 3
µ cos θW ,

(2.9)

where θW is the weak mixing angle. The weak mixing angle and the couplings of the weak (gW ,

gZ) and electromagnetic forces are related as:

gE = gW sin θW = gZ sin θW cos θW . (2.10)

The EW and QCD theories are unified within the SM framework under the symmetry group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y . For the local gauge symmetry to be satisfied, all the particles are

required to be massless, since the mass term would break the symmetry. As an example, the

Dirac mass term for fermions, written as mψψ̄ = m(ψ̄L + ψ̄R)(ψL + ψR) = m(ψ̄LψR + ψ̄RψL),

has both right- and left-handed couplings. The left-handed doublets and right-handed singlets

have different transformation properties under SU(2)L and so aren’t invariant under SU(2)L

gauge transformations. However, from experiment, it is known that these particles have mass,

which is a contradiction. An additional mechanism is thus required to provide the masses of

the particles.

2.2 The Higgs mechanism

In order to obtain masses for the fundamental particles of the SM whilst maintaining gauge

invariance, the Brout-Englert-Higgs mechanism [4][36][37], shortened to the Higgs mechanism,

is used. The Higgs mechanism introduces a scalar field with which the massless particles interact,

and it is through this interaction that the particles acquire their mass. The Higgs field transforms

as a doublet under SU(2)L and is part of the SU(2)L ⊗ U(1)Y electroweak sector. It also

introduces an additional scalar Higgs term in the Lagrangian:

LHiggs = (Dµφ)†(Dµφ)− V (φ). (2.11)
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As such, this new field is associated with a weak isospin doublet of complex scalar fields with

four degrees of freedom:

φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)
. (2.12)

The covariant derivative of φ follows as:

Dµφ = (∂µ + igW
σ

2
·Wµ + i

1

2
g′Bµ)φ, (2.13)

where Wµ and Bµ are the gauge fields related to SU(2)L and U(1)Y respectively. The gW and

g′ = gZ sin(θW ) terms are the gauge couplings introduced at the end of Section 2.1. This covari-

ant derivative ensures invariance of φ under local SU(2)L ⊗ U(1)Y transformations. Referring

back to Equation 2.11, the first term represents the kinetic energy, and the second term is the

Higgs potential, defined as:

V (φ) = µ2φ†φ+ λ(φ†φ)2, (2.14)

with µ and λ being scalar constants. The first term in Equation 2.14 is the mass term while the

second term is the self-interaction term. To obtain a minimum of this potential, λ is required

to be positive. If the sign of µ2 is positive, the potential has a unique minimum at φ = 0. For

this case, the Lagrangian of Equation 2.11 represents a scalar particle of mass µ which obeys

the SU(2) symmetry. If the sign of µ2 is negative, the potential has an infinite set of minima

defined by the circumference corresponding to:

φ†φ =
1

2
(φ2

1 + φ2
2 + φ2

3 + φ2
4) =

v2

2
= −µ

2

2λ
, (2.15)

where v is the vacuum expectation value (VEV). All the minima are equivalent under the SU(2)

transformation. A diagram illustrating the potentials for the µ2 > 0 and µ2 < 0 cases are shown

in Figure 2.2. As can be seen, for the case where µ2 is negative, a non-zero value of v breaks the

initial symmetry of the Lagrangian, causing what is known as spontaneous symmetry breaking.

Assuming the field is at a minimum when φ1 = φ2 = φ4 = 0 and φ3 = v, and using Equation

2.12, the result is:

< 0|φ|0 >=
1√
2

(
0

v

)
, (2.16)

where the Higgs field, after the unitary gauge transformation, is then given by:

φ =
1√
2

(
0

v + h

)
. (2.17)

Here, v is a real constant and h is a real scalar field, hereby referred to as the Higgs boson field.

Writing the Lagrangian in Equation 2.11 such that it respects the SU(2)L ⊗U(1)Y local gauge

symmetry, the mass terms for the gauge bosons can be obtained. In this case, φ1, φ2 and φ4 of
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Figure 2.2: Diagram illustrating the potential V (φ) of a complex scalar field for µ2 > 0
(left) and µ2 < 0 (right) [38]. These are simplified diagrams, only showing two of the four
components of the Higgs field as defined in Equation 2.12. After symmetry breaking, the
vacuum expectation value acquires the value of v. The angular fluctuations of the field, ξ,
correspond to the Goldstone bosons, while the radial fluctuations, η, correspond to the Higss

boson.

Equation 2.12 represent the massless Goldstone fields that are “absorbed” by the W± and Z

bosons, while φ3 represents the massive Higgs boson. The masses are found to be:

mW =
gW v

2

mZ =
v

2

√
g2
W + g′2 =

mW

cos θW

mH =
√
−2µ2 =

√
2λv2

mγ = 0.

(2.18)

The results show that we end up with masses for three bosons (W , Z, H), and the one boson

that is massless (γ). The photon remains massless since the spontaneous symmetry breaking

reduces the electro-weak symmetry SU(2)L ⊗ U(1)Y to the electromagnetic symmetry U(1)em

[39].

For the Higgs field to provide the masses of the fermions, an additional Yukawa term is added

to the Lagrangian. Taking the electron as an example, with left-handed doublets ψL (of the

form given in Equation 2.8) and right-handed singlets ψR, their interaction with the Higgs field

φ, written as ψ̄LφψR, is invariant under SU(2)L⊗U(1)Y gauge transformations. It is therefore

possible to construct a gauge invariant Lagrangian term as:

LY ukawa,e = ge(ψ̄LφψR + ψ̄Rφ
†ψL), (2.19)
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where ge is the Yukawa coupling constant between the Higgs field and the electron [3]. Using

the Higgs field as described in Equation 2.17, and after symmetry breaking, LY ukawa,e becomes:

LY ukawa,e =
gev√

2
(ψ̄LψR + ψ̄RψL)− geh√

2
(ψ̄LψR + ψ̄RψL). (2.20)

The value of the Yukawa coupling is not determined by the Higgs mechanism, but for conve-

nience, is chosen to be defined in terms of the electron mass as:

ge =
√

2
me

v
. (2.21)

Using this and the fact that ψ = ψL + ψR, Equation 2.20 becomes:

LY ukawa,e = −meψ̄ψ −
me

v
ψ̄ψh. (2.22)

Here, the first term contains the electron mass, and the second term represents the coupling of

the electron to the Higgs field.

While the same process can be used to obtain the masses of the quarks, it must be noted that

since only the lower component of the Higgs doublet contains the non-zero VEV (Equation

2.17), and comparing to the fermion doublets in Equation 2.8, only the down-type quarks and

charged leptons would obtain a mass. For the up-type quarks to obtain a mass, the conjugate

Higgs doublet must be used, defined as:

φ̃ ≡ iσ2φ∗ = i

(
0 −i
i 0

)(
φ+∗

φ0∗

)
=

(
φ0∗

−φ−

)

=
1√
2

(
φ3 − iφ4

−φ1 + iφ2

)
=

1√
2

(
v + h

0

)
.

(2.23)

Due to the properties of SU(2), the conjugate doublet transforms in the same manner as the

doublet. The Lagrangian for the up-type quarks would then look like Equation 2.19, but using

φ̃ instead of φ and gu instead of ge, and following the procedure as above for the electron, the

masses of the up-type quarks can be obtained.

The above formalism works fine for one generation of quarks. However, in the SM there are

three generations of quarks which have a slight mismatch between the mass/flavour eigenstates

and the weak interaction eigenstates. Since the Yukawa couplings of the quarks are defined in

the weak eigenstate basis, an additional matrix is required to transform these weak eigenstates

into the mass eigenstates. So instead of the quarks’ weak force interactions occurring within a

simple doublet like in Equation 2.8, they occur within doublets of the form:(
u

d′

)
,

(
c

s′

)
,

(
t

b′

)
, (2.24)
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where the weak eigenstates d′, s′ and b′ are a combination of the down-type quarks’ mass

eigenstates. The weak eigenstates are obtained via the 3 × 3 unitary Cabibbo-Kobayashi-

Maskawa (CKM) matrix [40][41], as follows:
d′

s′

b′

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



d

s

b

 (2.25)

It is the non-diagonality of the CKM matrix that allows the quarks of different generations

to interact with each other, producing generation-changing (flavor-changing) charged-current

interactions. The parameters of this matrix have to be obtained through experimental measure-

ments, and is observed to be a highly diagonal matrix. This means the quarks strongly favour

decaying to the other quark within its generation, e.g., c→ s, while they decay to quarks of the

opposite type in other generations at much lower rates.

2.3 Beyond the Standard Model

While the SM introduced in the previous sections has described many aspects of nature, with

many successful experimental results backing these predictions, there are some things the SM

is unable to explain. Some of the issues the SM is unable to explain are:

• Dark matter: Through astronomical observations, it has been observed that about 85%

of the “stuff” in the universe that interacts with gravity is made up dark matter [42].

Unfortunately, almost nothing is known about dark matter since the only evidence for it

is from its gravitational effects on large astronomical scales, e.g., the rotation of galaxies

[43] indicates that there is more mass than what we can see, and the amount that light

is bent around galaxies (gravitational lensing) [44] also suggests more mass than what is

observed. It is unknown whether dark matter interacts via any other force and, as to date,

there is nothing in the SM that is capable of describing it.

• Dark energy: It was expected that due to the attractive nature of gravity, the expansion

of the universe should slow down over time. However, through cosmological observations,

the expansion of the universe was found to be accelerating [45]. There is nothing in the

SM that is able to describe this rate of acceleration.

• Matter-antimatter asymmetry: Assuming that there were equal amounts of matter and

anti-matter produced in the early universe, they should have all annihilated each other

and left only photons. And given that observations of the universe indicate that all the

observable “stuff” is matter, why did this dominate over anti-matter. The amount of CP

violation described in the SM does not explain this discrepancy [46].
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• Parameters of the SM: Many of the parameters of the SM are not explained by the theory,

but are determined from experiments. The 19 free parameters include the nine masses of

the fermions, the three coupling constants of the forces, the four parameters that define

the CKM matrix, the mass of the Higgs boson and the VEV of the Higgs field, and the

strong CP phase. Some parameters also need to be fine-tuned, e.g., the bare Higgs mass

has to be fine-tuned in order to cancel the large quantum corrections to the Higgs mass.

The arbitrariness of some of the parameters and the fine-tuning required for some of the

parameters in the SM suggest that the SM is incomplete.

• Neutrino oscillations: Within the SM, neutrinos can only be left-handed, ruling out a

mechanism capable of producing neutrino masses. However, the discovery of neutrino

oscillations implies that the neutrinos do have mass [47]. While there is a way to expand

the SM to allow this to happen [48], exactly what needs to be added depends on whether

the neutrinos have separate anti-particles or if they are their own anti-particles, which is

unknown. This would also add at least seven additional free parameters to the 19 already

existing free parameters of the SM.

• Gravity: While there is a very successful theory of gravity in the General Theory of

Relativity [49], it does not work well on the small scales of particle physics or in regions of

very strong gravitational fields. Attempts to create a quantum theory of gravity [15] have

struggled for various reasons, one of which is that describing gravity in the framework of

QFT leads to non-renormalizable infinities. Another is that since the effects of quantum

gravity are only important at scales several orders of magnitude above what experiments

are capable of currently, there is no experimental evidence to help guide the quantum

theory of gravity.

There are some additional theories that attempt to solve these problems, e.g., Supersymmmetry

(SUSY) models [18][19] and string theory [50][51]. These theories can be studied via analyses

targeting specific aspects of these theories. This is more of a test for those theories specifically

rather than a test to see if any deviation from the SM can be found. A better way to search for

deviations from the SM is to use a model-independent approach, with little to no assumptions

from any BSM models. This approach usually takes the form of adding extra terms to the SM

Lagrangian, acting as an EFT.

2.3.1 Effective Field Theory

In nature, physical processes occur at a wide range of different energies, which while dominant

in one energy range, may be negligible in another. However, sometimes a particular theory at

a higher energy scale may exhibit small residual effects at a lower energy scale that is under

study. According to the decoupling theorem [52], if the mass of a new particle is much larger
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than the energy of the process under study (M � E), the effects of that particle can become

suppressed. This “decouples” the heavy particle from the lower energy theory. Therefore, not

all the degrees of freedom of the full theory are required at lower energies, and so there is now

an effective theory, or EFT. These effects enter into the lower energy theory via higher order

perturbative effects, without explicitly including the new particle. In this manner, a physical

theory can be thought of as an approximation of some theory at higher energy scales. An

example of this is the Fermi theory of the weak interaction which effectively describes the weak

theory at energies much lower than the mass of the W and Z bosons.

From this, it would be reasonable to assume that the SM may be an approximation of a larger

theory at some higher energy scale [12]. The electroweak scale is of the order of ∼ 100 GeV.

The scale of the larger theories can vary from ∼ 1 TeV for SUSY [53], all the way up to the

Planck scale (∼ 1019 GeV) for theories of Quantum Gravity [54].

An effective field theory for the SM is known as the Standard Model Effective Field Theory,

or SMEFT. In SMEFT, the four dimensions of the SM are extended by a set of local, higher

dimensional operators, each suppressed by an increasingly larger power of the energy scale of

the new physics. The SMEFT Lagrangian can be written as:

LSMEFT = LSM +
∑
i

c
(5)
i

Λ
O(5)
i +

∑
i

c
(6)
i

Λ2
O(6)
i +

∑
i

c
(7)
i

Λ3
O(7)
i + . . . . (2.26)

Here, O(D)
i are SU(3)C ⊗ SU(2)L ⊗ U(1)Y invariant operators of dimension D, ci are the cou-

pling constants known as Wilson Coefficients, and Λ is the energy scale of the new physics. Due

to the symmetries of the SM, the dimension five operators violate lepton number [55] and the

dimension seven operators violate baryon minus lepton number [56]. As such, the leading-order

BSM effects are from the dimension six operators O(6)
i , while effects from dimension eight and

above are generally too suppressed and are considered negligible.

The effect of the SMEFT Lagrangian is to change the cross-section of the process of interest.

STXS measurements (Section 2.5.1) have the cross-section calculations split into different kine-

matic regions, with the higher energy regions being more sensitive to BSM effects. It is therefore

advantageous to do SMEFT studies in conjunction with the STXS measurements, where the

more sensitive regions can be exploited to optimise the studies.

2.4 Event generation

In order to test the SM and any of the BSM theories, those theories need to be modelled in terms

of the collisions that will be tested, e.g., pp collisions at the LHC. Monte Carlo (MC) methods

are used to achieve this, modelling everything from the matrix element to the hadronisation.

Depending on the process being modelled, there may be one MC generator dedicated to the
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Figure 2.3: Diagram illustrating the steps and components of the simulation of a proton-
proton collision [57]. The three parallel green lines on the left and right are the quarks in the
incoming protons. The blue lines show the initial interactions from the partons in the protons.
The red represents the hard collision and the subsequent parton showering. The initial hadrons
produced from hadronisation are shown in light green ovals, which then decay to lighter hadrons
in the dark green. The purple represents additional interactions from the same proton collision,
known as the underlying event. The hadrons formed just before the hard collision are from
initial state radiation, while the cyan ovals represent the beam remnants. The yellow curvy

lines are from the electromagnetic radiation given off during the decays of the hadrons.

matrix element and another dedicated to the parton shower and hadronisation. In some cases,

just one MC generator is used to do both steps. An illustration of the processes modelled by the

MC generators in pp collisions is given in Figure 2.3. The stable particles (who typically travel

further than cτ = 1cm) produced through hadronisation are then sent through a simulation of

the detector in order to get MC data in the same format as the raw data obtained from the

actual detector. This detector simulation process is described in Section 3.2.5.

2.4.1 Hard Process

When describing protons, at low energy they can be approximated as a bound state of three

quarks and are dominated by non-perturbative QCD effects. At higher energies, a sea of vir-

tual partons existing from vacuum fluctuations, becomes more dominant. When two protons

“collide” at the LHC, it is the partons in the protons that are interacting. Using this partonic
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model of hadrons, when two hadrons scatter, the hard collision (large momentum transfer) oc-

curs between parton a and b, represented by the maroon circle in Figure 2.3. Each parton carries

a certain fraction of the hadrons momentum, x1 and x2, known as the Bjorken-x [58] of each

parton. At a given energy scale, Parton Distribution Functions (PDFs) tell us the probability of

finding a parton with a particular Bjorken-x inside a hadron. The probability of the interaction

between the partons a and b producing some final state X is given by the cross-section σ̂ab→X .

This cross-section is calculated from the interaction Lagrangian. The inclusive cross-section for

two hadrons interacting and creating a final state X is then given as, by the QCD Factorisation

Theorem [59],:

σpp→X =
∑
a,b

∫ 1

0
dx1dx2f1(x1, µ

2
F )f2(x2, µ

2
F )⊗ dσ̂ab→X(x1P1, x2P2, µR, µF ), (2.27)

where for this case the hadrons are protons p. The probability of a parton with momentum

xiPi, within a proton of momentum Pi, to be involved in the hard scatter, can be represented

by the PDFs fi(xi, µF ). According to the QCD Factorisation Theorem, the low energy scale

(soft), non-perturbative structure of the proton can be factored out into the PDFs, separating

it from the perturbative, high energy (hard) processes. This separation is controlled by the fac-

torisation scale µF , which essentially determines at what point the corrections to the mediating

particle fall under the PDF calculations, or the hard scatter process. This factorisation helps

to deal with infra-red (IR) divergences that arise from large amounts of low energy emissions.

The perturbative hard scatter calculations make use of Feynman diagrams that assist in visu-

alising the different interactions, as well as simplifying the mathematics. Feynman diagrams

consist of “external” lines that represent the incoming and outgoing particles, “internal” lines

that represent the mediators of the process, and vertices where different lines may meet, rep-

resenting the interactions occurring in that process. Examples of some Feynman diagrams are

shown in Figure 2.4. If any of the internal lines form a closed loop, it is called a “loop” diagram,

otherwise it is known as a “tree-level” diagram. The order of the calculation is defined by the

number of vertices. The “tree-level” diagrams are the leading-order calculations for a process.

Adding extra vertices to a simple process, particularly via loops, results in higher-order correc-

tions to that process.

Another form of divergence that needs to be dealt with are ultra-violet (UV) divergences. The

UV divergences originate from large momenta loop corrections and can be fixed via a process

known as renormalisation, which introduces a renormalisation scale µR [60]. Renormalisation

allows us to redefine certain bare quantities in the theory, e.g., the masses and coupling con-

stants before any quantum effects are considered, in terms of measurable finite quantities. The

value of µR determines the energy at which the renormalisation occurs. The parameters in

the theory are thus dependent on this parameter, and results in running coupling constants.

This means the strength of the interactions, for example those between partons governed by the
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strong coupling constant αs, are dependent on the value of µR.

The impact of the µF and µR scales on the cross-section decreases as the order of the pertur-

bation increases. This is due to the higher-order terms providing corrections that account for

variations due to these scales.

Due to the limited phase space accessible to detectors used in particle physics, total cross-

sections of a process cannot be directly measured. Instead, by restricting theoretical calculations

to match the phase space observed by the detector, we can measure the fiducial cross-section. A

more fine grained measurement with respect to some parameter or angle Ω provides the differ-

ential cross-section dσ
dΩ . Instead of measuring the inclusive cross-section of a process pp→ X, it

is often better to measure the exclusive cross-section, studying a specific decay of X into some

final state Y , pp → X → Y . Exclusive measurements have reduced background contributions,

and because they provide more precise information on a specific process, they rely on fewer

theoretical assumptions. The probability for a state X to decay to a state Y is given by the

branching ratio BR(X → Y ) = ΓX→Y /ΓX , where ΓX→Y is the partial decay width for the

decay X → Y and ΓX is the total decay width of X. Precise knowledge of the decay widths

is important for accurately determining the exclusive production cross-sections. For this thesis,

pp→ X → Y would be pp→ V H → leptons + bb̄.

2.4.2 Parton shower and hadronisation

The partons that undergo the hard collision, and the subsequent partons resulting from that,

can produce further parton emissions. If the incoming partons radiate, it is known as initial

state radiation (ISR), while the emission from the outgoing partons is known as final state

radiation (FSR). Depending on the choice of µF , some of these emissions will be calculated in

the matrix element calculation, while the others are modelled approximately by parton shower

algorithms. The showering starts with the most energetic emissions and moves to the lower

energy emissions until it gets to a point where αs becomes too large (∼ 1 GeV) and the partons

become confined into hadrons through the process of hadronisation. Looking back at Figure 2.3,

the red represents to the parton showering, while the light green ovals are the original hadrons

produced from hadronisation.

At the scale that hadronisation occurs, perturbation theory breaks down. Therefore, non-

perturbative hadronisation models, known as fragmentation functions [61], are used to describe

how the colored partons are confined into the colorless hadrons. Hadronisation is not described

directly by QCD but is rather more like a phenomenological process. Fortunately, to a good

approximation, the hadronisation process is independent of the initial conditions, and can be

applied to different collisions.

Most of the hadrons produced by the initial hadronisation are unstable. Models are used to
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simulate their decay to lighter, more stable particles that live long enough to make it through

the detector without decaying to some lighter state.

2.4.3 Underlying event and pileup

The hard collision will mostly involve the interaction of just one parton from each proton. Often,

the remaining partons will travel down the beam pipe and not enter the sensitive parts of the

detector. Sometimes, however, the other partons will also interact with each other, undergoing

the same steps as described for the hard scatter, and forming hadrons. The emissions and

hadrons from this chain could interact with the hard collision chain, and so also need to be

modelled. This extra contribution is known as the underlying event, and is represented by the

dark purple oval in Figure 2.3.

Contributions from the other pp collisions that occur at the same time as the hard-scatter

(in-time pileup) and from residual effects of collisions happening shortly before or after the

hard-scatter (out-of-time pileup) also need to be taken into account. This is done by overlaying

simulated minimum bias events to the simulated process [62]. After all these steps, the particles

are run through a simulation of the detector, as described in Section 3.2.5.

2.5 Higgs production and decay at the LHC

Since the Higgs couples to fermions and bosons with a strength that is proportional to the

mass of those fermions and bosons, there is a preference for the Higgs boson to be produced in

processes with heavy particles and to decay into heavy particles, so long as they are kinematically

accessible.

The dominant production mechanisms for the Higgs boson are the gluon-gluon fusion (ggF),

vector boson fusion (VBF), associated vector boson production (V H), and associated di-top

production (ttH) [11] . The leading-order Feynman diagrams for these processes are shown in

Figure 2.4. The dominant production is ggF, occurring about 88.2% of the time in pp collisions

at
√
s = 13 TeV. Since the Higgs boson only couples to massive particles, the ggF process is only

allowed through loop diagrams, where loops with non-top quarks are suppressed due to how

strong the coupling between the Higgs boson and the top quark is. Although this production

is dominant in pp collisions, it also has a large background from QCD processes that naturally

occur in pp collisions. These QCD processes make the study of any physics process with partons

in the final state challenging. The second dominant production is VBF, with a fraction of about

6.9%. VBF occurs via the scattering of two quarks with each emitting a vector boson V , and

the vector bosons then annihilate to create the Higgs boson. A characteristic of this production

is that the Higgs boson is produced at a large angle with respect to the direction of either quark.

The next production mode is V H, which can be split into the WH and ZH productions. The
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Figure 2.4: The leading-order Feynman diagrams for the four dominant Higgs production
mechanisms: top left is gluon-gluon fusion (ggF), top right is vector boson fusion (VBF), bottom
left is associated vector boson production (VH), and bottom right is associated top production

(ttH) [63].

WH production occurs about 2.5% of the time, while ZH occurs about 1.6% of the time. Since

this process involves a vector boson radiating a Higgs boson, it is also known as Higgs-strahlung.

The addition of the vector boson decaying to leptons provides additional objects to select on

that reduce the large background that the ggF process suffers from. This is the production

mode studied in this thesis and is discussed in more detail in Chapter 5. The other production

process is ttH, with a fraction of 0.9%. This process is similar to ggF, however instead of a

top loop, the two top quarks are final state objects, and the Higgs boson is produced from the

top quark mediator. The radiation of the Higgs off the top quarks provides a direct probe of

the top-Higgs Yukawa coupling. Shown in Figure 2.5 are the cross-sections of the mentioned

production modes as a function of the centre-of-mass energy.

The lifetime of the Higgs boson is on the order of 10−22s, and so will decay to other particles

quickly; either directly for massive particles, or indirectly to massless particles via a loop of

massive particles. The fraction of the Higgs boson decaying to different states relative to the

total Higgs boson decay rate, known as the branching ratio (BR), is shown in Figure 2.5. The

dominant decay of the Higgs boson is to two bottom quarks, with a BR of about 58.2% at a

Higgs boson mass of 125 GeV. This is the decay mode studied in this thesis and is explained

more in Chapter 5. The other dominant decays are to two W bosons at ∼ 21.4%, two τ -leptons

at about ∼ 6.3%, two charm quarks at ∼ 2.9%, two Z bosons at ∼ 2.6% and to two photons at

∼ 2.3%. Despite top-quarks having the largest Yukawa coupling to the Higgs, the Higgs boson

does not decay to two top quarks since the mass of just one top quark is already larger than

the mass of the Higgs boson. For a similar reason, this is why the H → WW and H → ZZ

branching ratios are smaller than the H → bb̄ branching ratios despite the vector bosons having
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Figure 2.5: (Left) The SM Higgs production cross-sections as a function of the centre-of-mass
energy

√
s, for pp collisions [11]. The qqH production here represents the VBF production, and

the bands indicate the theoretical uncertainties. (Right) Branching ratios for the main decay
modes of the Higgs boson in the mass range around 125 GeV with the theoretical uncertainties

indicated by the bands [11].

a larger mass than b-quarks. However, since one W or Z boson is lighter than the Higgs boson,

it is possible for the Higgs to decay to one on-shell vector boson, and one off-shell. This allows

these decays to occur and is also the reason why the H → ZZ BR is smaller than the H →WW

BR since the off-shell Z is more off-shell than the off-shell W .

Given the decay products of the Higgs boson, to study the couplings of the bottom type quarks

to the Higgs field, we have a choice of H → bb̄ or H → cc̄. However, since the BR of H → cc̄ is

almost 20 times less than H → bb̄, and that c-quarks are more difficult to reconstruct than b-

quarks, H → bb̄ is the best decay mode to study for this. Since the final state of H → bb̄ contains

quarks, there is a large background that comes from the QCD processes. So even though the

ggF production of the Higgs boson occurs around 20 times more than the VH production, the

VH is chosen as it provides extra vector bosons to select on. Searching for the leptonic decays

of the vector bosons reduce this large amount of QCD background at the LHC.

2.5.1 Overview of the Simplified Template Cross-Section framework

This section provides an overview of the theoretical background of the STXS framework [21][64].

The STXS measurements are an evolution of the standard cross-section measurements. The fo-

cus of the first Higgs boson measurements was to simply observe the Higgs boson for the first

time, so the focus was on maximising the sensitivity of the Higgs signal. Now that the Higgs

boson has been discovered and with the large increase in data, instead of measuring a single
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cross-section, the STXS framework allows the measurement of multiple cross-sections in dif-

ferent kinematic regions. These smaller regions, called STXS bins, also reduce the theoretical

uncertainties folded into the measurements. In fully fiducial cross-section measurements, an

extrapolation is required from the phase space used to perform the measurement, into a larger

phase space used to do the theoretical calculations. Instead, a predefined phase space close in

definition to the phase space used by the experiments can be defined to calculate the cross-

sections. These smaller phase spaces are defined in terms of observables directly measured by

experiments, e.g., the transverse momentum of one of the particles being studied. This reduces

the amount of extrapolation that is required from the measured phase space to the theoretical

phase space, and some of the uncertainties get absorbed into the cross-section calculations and

separated from the measurement. Additionally, since these regions have their own cross-sections,

each region has the possibility of showing deviations from the SM. As an example, there may

be a BSM effect that is too small to have a noticeable impact on the total cross-section, but

since this BSM effect targets events at higher energies, the deviation becomes noticeable in the

bins with very high transverse momentum.

There are various goals that are considered when defining the STXS bins. The kinematic se-

lections that define the bins are simplified compared to the fiducial volumes of the different

analyses in the different Higgs decay channels. Defining the bins inclusively in the Higgs boson

decay allows the combination of measurements from different decay channels and experiments.

The bin definitions are still kept as close as possible to what the usual experimental kinematic

selections would be. This allows the use of multivariate techniques to maximise the sensitivity,

especially in decay channels plagued by larger backgrounds, i.e., H → bb̄, while keeping the

unfolding uncertainties small. The STXS measurements are defined independently for the dif-

ferent production modes, reducing the model dependence for example on the relative fractions

of the different production modes predicted by the SM.

The main goals when determining what exactly the STXS bins will be, can be summarised as

the following:

• Minimise the dependence on the theoretical uncertainties

• Isolate any possible BSM effects

• Maximise the experimental sensitivity

• Limit the number of bins to match the experimental sensitivity

For the results of an analysis to be combined with other analyses, a full split at the theoretical

level needs to be applied, independent on the number of bins that were actually measured.

Therefore, ensuring that there aren’t too many STXS bins is important to help with the imple-

mentation of the STXS framework, despite this often contradicting with the first three points
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in the list above.

The STXS framework is not a rigid one and can adapt to the increasing datasets that are avail-

able by changing the number of bins available. This allows for an increase in the granularity to

be accessible for combinations of decay channels, but still allows individual analyses to merge

some bins depending on their sensitivity. In this thesis, the STXS stage 1.2 binning is used,

albeit in a reduced state. The bins used and how the STXS framework is implemented in this

thesis is explained with more detail in Section 5.5.



Chapter 3

Experimental apparatus

3.1 CERN and LHC

The Organisation for European Nuclear Research (CERN) is a European research organisation

located on the Franco-Swiss border in Geneva, Switzerland, and was founded in 1954 [65].

CERN is the largest particle physics research facility in the world, with just over 100 countries

involved in some manner. Some of the notable achievements in physics at CERN include the

discovery of the W and Z bosons in 1983 by the UA1 [66][67] and UA2 [68][69] collaborations,

the first production of anti-atoms, anti-hydrogen [70], in 1995, and the discovery of the Higgs

boson in 2012 by the ATLAS [8] and CMS [9] collaborations. The information under the ATLAS

section comes from Reference [71], unless otherwise stated.

3.1.1 LHC

The Large Hadron Collider (LHC) is a circular particle accelerator located at CERN and was

completed in 2008 [10]. It is the largest machine in the world, with a circumference of 26.7 km,

and crosses under the border between France and Switzerland. The tunnel the LHC is located

in was built for the Large Electron Positron (LEP) [72] machine, and lies between 45 m and 170

m below the surface. The LHC is a double-ring synchrotron accelerator, using radio-frequency

cavities to accelerate the charged particles, and liquid helium cooled, superconducting magnets

to bend the path of the particles (dipole magnets) and focus the beam (multipole magnets).

It was designed to accelerate protons and heavy ions, e.g., lead atoms, in opposite directions

around the ring, colliding the particles at four points in the ring. The shape is actually an

octant instead of a circle, containing eight straight sections where the detectors are and where

the particles are injected and accelerated, and eight curved sections where the magnets to curve

the beam are.

23
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Figure 3.1: An illustration of the accelerator complex at CERN[73].

The original design was to accelerate protons up to a centre-of-mass energy of
√
s = 14 TeV,

and at an instantaneous luminosity of 1034 cm−2.s−1. However, due to complications in the

early days of the LHC, the energy started at a lower value and was slowly increased over the

years. For Run-1 in 2009 to 2012, the centre-of-mass energies were
√
s = 7 and 8 TeV. For

Run-2 in 2015 to 2018,
√
s = 13 TeV and now during Run-3, planned from 2022 till 2026, it is

running at
√
s = 13.6 TeV. The results presented in this thesis use the full Run 2 dataset, with

a luminosity of around 140 fb−1.

The various accelerators situated at CERN are shown in Figure 3.1. The protons start off

in the LINAC4 and then travel through the Proton Synchrotron Booster (PSB), the Proton

Synchrotron (PS), the Super Proton Synchrotron (SPS) and lastly get injected into the LHC.

At each new accelerator, the particles are accelerated to higher speeds and injected into the LHC

at 450 GeV. The particles in the LHC are accelerated in bunches, due to the use of the radio-

frequency cavities, with a temporal space between each bunch of 25 ns, providing a potential

bunch crossing rate of 40 MHz.



Experimental apparatus 25

The four main experiments at the LHC, located where the particle beams cross, are the ALICE

(A Large Ion Collider Experiment) [74], ATLAS [71], CMS (Compact Muon Spectrometer) [75]

and LHCb (LHC beauty) [76] experiments. The ATLAS experiment is discussed in Section 3.2.

3.1.2 Luminosity measurement

The rate of events occurring in the LHC is given by the following relation:

d

dt
Nevent = Linsσevent, (3.1)

where Lins is the instantaneous machine luminosity and σevent is the cross-section of the event

under study [77]. It is therefore important to have accurate luminosity measurements to calcu-

late the cross-sections of the different events. The delivered luminosity can be defined using the

accelerator parameters, and is given by [77]:

Lins =
nbfrn1n2

2πΣxΣy
. (3.2)

Here, nb is the number of bunches per beam, fr is the revolution frequency, n1 and n2 are

the number of protons per colliding bunch and Σx and Σy characterise the horizontal and

vertical convolved beam widths respectively. The measurement of these beam parameters are

performed using van der Meer (vdM) scans [78]. For Run-2 of the LHC, the main bunch-to-

bunch luminosity measurement for ATLAS was performed using the LUCID2 detector [79]. The

LUCID2 detectors are photomultiplier tubes placed ∼ ±17 m from the interaction point and

use Cherenkov light to measure the luminosity.

In ATLAS, the basic time interval over which to measure the luminosity is known as a luminosity

block (LB) [80]. The time duration of one LB is about one minute, and the experimental

conditions are assumed to be constant during this time. The Lins is calculated using the

visible interaction rate per bunch crossing, measured by the luminosity detectors per LB. The

integrated luminosity of the LB is then the Lins multiplied by the duration of that LB. The

total luminosity of a dataset is then the sum of the integrated luminosities of each LB used in

that dataset. The integrated luminosity delivered to and measured by ATLAS for the full Run-2

data taking period is shown in Figure 3.2. In the figure, there are three different luminosity

measurements. In green, is the amount of data the LHC delivered to the ATLAS detector. The

yellow is the amount of data ATLAS managed to record, which is less than the delivered due

to the data-acquisition inefficiencies and due to the ATLAS warm-up before data can be taken.

The blue is the amount of data designated good for physics analysis, after removing the LBs

that had data taking issues, e.g., some detector components weren’t working.
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Figure 3.2: The cumulative luminosity delivered by the LHC (green), recorded by ATLAS
(yellow), and that which is good for physics (blue) during stable beams for pp collisions at 13
TeV centre-of-mass energy for the full Run-2 data taking period [81]. The delivered luminosity
was delivered from the start of stable beams until the LHC requests ATLAS to put the detector
in a safe standby mode. The recorded luminosity is less due to the data-acquisition inefficiencies
and due to the ATLAS warm-up before data can be taken. The luminosity good for physics is
after removing data taken when not all the necessary components of the ATLAS detector were

working.

3.1.3 Pileup

In the LHC, there are many pp collisions per bunch crossing to help achieve the high luminosities.

However, this adds large amounts of extra radiation from other pp collisions not involved in the

high pT event of interest, referred to as pileup [62]. There are two types of pileup. In-time pileup

is the extra pp collisions that occur in the same bunch crossing as the event of interest. In-time

pileup also has a smaller subset of radiation known as the underlying event. The underlying

event is the extra radiation that originates from the same pp collision of interest that provides

the hard (high pT ) event. Out-of-time pileup is the radiation due to pp collisions occurring in

the other bunch crossings other than the one of interest. The reason for this radiation is due to

the sensitivity window of some of the ATLAS subdetectors being longer than the 25 ns spacing

between bunch crossings.

The number of pp collisions per bunch crossing is determined by a Poisson distribution with a

mean value of:

µ =
Linsσpp
nbfr

. (3.3)
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Figure 3.3: Shown is the luminosity-weighted distribution of the mean number of interactions
per bunch crossing for the full Run-2 ATLAS pp collision data at 13 TeV centre-of-mass energy,
corresponding to a recorded luminosity of 146.9 fb−1 [81]. The mean number of interactions
per crossing corresponds to the mean of the Poisson distribution of the number of interactions

per crossing calculated for each bunch.

Lins is the instantaneous luminosity and σpp is the inelastic pp cross-section, assumed to be 80

mb for the
√
s = 13 TeV data. The number of protons per bunch is given by nb, and fr is the

LHC revolution frequency. The number of interactions averaged over all bunch crossings and

the analysed data is defined as 〈µ〉. Figure 3.3 shows the mean number of interactions for the

full Run-2 data.

3.2 ATLAS overview

The ATLAS detector [71] is a multipurpose detector located at the LHC, with a large focus on

studying pp collisions. ATLAS is nominally forward-backward symmetric with respect to the

centre of the detector and covers a full 2π angle around the beam and a nearly full 2π angle

parallel to the beam. The main purpose of this almost full 4π coverage is to be able to more

accurately calculate the missing energy in an event, which is used to determine whether there

were any particles that escaped undetected, like SM neutrinos or unknown particles that are

non-interacting. The ATLAS detector consists of four main subdetectors: the Inner Detector

(ID) closest to the beam, the calorimeters, the Muon Spectrometer (MS) and the solenoid and

toroid magnets. A diagram of the ATLAS detector is shown in Figure 3.4.



Experimental apparatus 28

Figure 3.4: Cut away 3-dimensional view of the ATLAS Detector showing the several sub-
detectors [71].

The Cartesian axes in ATLAS are defined such that the origin is at the point of interaction, with

positive ẑ in the anticlockwise direction of the LHC, ŷ pointing up and x̂ directed to the centre of

the LHC ring. The positive ẑ section of ATLAS is sometimes called the A side (anticlockwise),

while the negative ẑ is the C side (clockwise). A cylindrical co-ordinate system, however, is

preferred, with z defined as already mentioned, the azimuthal angle φ around the beam pipe

(x − y plane), and the angle θ defined as the angle between the beam pipe and the detection

point in the detector. Instead of using θ as is, a preferred co-ordinate used is the rapidity:

Y =
1

2
ln

[
E + pz
E − pz

]
, (3.4)

where E is the energy of the particle and pz is the z-component of the particle’s momentum.

For high-energy low-mass particles, i.e. essentially massless particles, rapidity reduces to pseu-

dorapidity:

η = −ln

[
tan(

θ

2
)

]
, (3.5)

where θ is defined as before. Rapidity is used due to the momentum distribution of the partons in

the protons being complex and possibly leading to boosts in collisions. Rapidity has a nice trait

where the differences in rapidity are Lorentz invariant and are thus unaffected by these boosts,

also resulting in a roughly constant distribution in pseudorapidity. Another complication with
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the momenta of the partons is that longitudinal momentum conservation cannot be used, as the

partons within the proton each carry a different fraction of the proton’s momentum and these

fractions are unknown at the time of the collision. However, due to there being negligible if not

non-existent momentum in the transverse plane (x− y plane) before a collision, the transverse

momentum pT = |~p|sin(θ) = |~p|
cosh(η) and transverse energy ET = Esin(θ) = E

cosh(η) are widely

used variables. The values for |~p| and E are obtained from the tracks and the particle showers

respectively. The distance between two points in pseudorapidity-azimuthal space is defined as

∆R =
√
η2 + φ2.

3.2.1 Inner Detector

The closest subdetector to the beam pipe, the Inner Detector (ID) is important for particle

identification, and momentum and vertex measurements of charged particles. It is 2.1 m in

diameter and 6.2 m in length, also making it the smallest subdetector. Measurements are

possible for particles within the range |η| ≤ 2.5 and usually above a threshold pT of 0.5 GeV.

The ID is situated within a large solenoid magnet, 5.3 m in length and with a diameter of

2.5 m. The solenoid produces a 2 T, near uniform magnetic field in the ẑ direction, bending

charged particle tracks in the transverse R − φ plane. The particle momenta and charge sign

are measured using the bending of the tracks. The direction of the curve gives the charge sign

while the greater the momentum of the particle, the less it bends in the magnetic field. The

relative resolution in momentum increases as the momentum of the particle increases and is

given by the following equation [82][71]:

σpT
pT

=
pTσx

0.3BL2

√
720

N + 4
≈ 0.05pT ⊕ 1%. (3.6)

Here, σpT is the uncertainty in pT , σx is the track measurement error, assumed to be constant

for each point, and ⊕ means summed in quadrature. The magnetic field B is measured in tesla,

the chord length L of the arc from the first to the last point is in metres and pT is given in

GeV/c. The number of equally distributed points over the arc is defined as N . A requirement of

the ID is to be able to accurately reconstruct vertices, showing which reconstructed objects are

linked to the same process. B-hadrons have a longer lifetime than the lighter quarks and can

travel cτ ∼0.5 mm [11] before decaying, forming a secondary vertex displaced from the primary

vertex. Reconstructing this secondary vertex is therefore important for finding b-jets.

There are three sections to the ID, going from the innermost outward and also descending in

granularity, they are the Pixel, SemiConductor Tracker (SCT) and the Transition Radiation

Tracker (TRT), and shown in Figure 3.5. The decrease in granularity and efficiency is due in

most part to costs, as well as the amount of readout cables, power cables and cooling pipes that

would be required for a full pixel ID. Since the ID is before the calorimeters which measure the
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Figure 3.5: Cut away view of the ATLAS Inner Detector showing the three subsections [71].

energy of the particles, the ID is designed to interact with the particles as little as possible so

that accurate energy measurements can be performed.

3.2.1.1 Pixel detector

The pixel detector is the closest section to the beam pipe and thus requires the highest granular-

ity and resolution. The pixel sensors are silicon semiconductors and are 250µm thick with each

pixel having an area of 50 × 400µm2. There are 47 232 pixels per sensor, and a total of 1744,

19 × 63 mm2 sensors in the pixel detector, resulting in around 80.4 million readout channels.

In the pixel barrel, the sensors are placed on staves arranged in three layers. In the end-cap

region, the sensors are placed on disks with three disks per side. The inner most layer (B-layer)

was intended to be replaced every three years due to the high radiation dose it receives, while

the other two layers were designed to withstand a 1 MeV neutron equivalent radiant energy per

unit area of up to ∼ 8× 1014 neq/cm−2.

In 2014 during Long Shutdown 1 (LS1), the beam pipe’s diameter within the ATLAS detector

was reduced to allow for the insertion of the Insertable B-Layer (IBL) [83]. The inclusion of the

IBL was in preparation for the increase in luminosity the LHC would be running at in Run-2.

It was inserted 1 mm from the beam pipe (at r = 33 mm in Figure 3.6), adding a fourth layer

for improved tracking efficiencies and allowed the B-layer to remain in the ID instead of being

replaced. IBL pixel sizes are smaller than the other pixels at 50× 250 µm2 with a sensor thick-

ness of 200 µm [83]. A new cooling system based on CO2 evaporative cooling was implemented

for the IBL as well, instead of the C3F8 used in other parts of the ID.
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Figure 3.6: A quadrant of the ATLAS ID without the IBL [71].

3.2.1.2 Semiconductor Tracker

The SCT surrounds the pixel detector and has 15 912 sensors that are 285± 15µm thick. Each

sensor has 12 cm long active strips with a pitch (distance between each strip) of 80 µm, giving

the SCT 6.3 million readout channels. The strips in the barrel are parallel to the beam while

those in the end-cap are orthogonal to and focus on the beam pipe. As the SCT is further from

the interaction point than the pixel detector, it was designed to withstand a 1 MeV neutron

equivalent radiant energy per unit area of up to ∼ 2× 1014 neq/cm−2.

The strip sensors are arranged on staves in four layers in the barrel section, and on disks in the

end-cap region with nine disks either side. Since the strips are elongated, they are only capable

of 1D position measurements. Therefore, the staves and disks are double sided with the strips

on each side placed at a slight angle to the other side (a stereo angle). In the barrel region, one

side of the stave has the strips running parallel to the beam while the strips on the opposite

side are rotated off this direction by a stereo angle of 40 mrad. The end-caps have a similar

situation, though the direction is orthogonal to the beam. The second dimension of the position

is then taken as the points where the strips on either side of the stave overlap.

3.2.1.3 Transition Radiation Tracker

The TRT is the final section of the ID, surrounding the SCT and consists of gas filled drift

(straw) tubes instead of semiconductors. The 4mm diameter tubes act as the cathodes while

31 µm thick tungsten wires coated in gold act as the anodes. The barrel tubes are 1440 mm

long and the end-cap tubes are 370 mm in length. The barrel tubes are aligned parallel to the

beam while the tubes in the end-cap are aligned radially, focusing on the beam pipe. There are

73 straw planes in the barrel and 160 straw planes in the end-cap providing a total of 351 000
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readout channels in the TRT.

The TRT provides track finding in the range |η| = 2.0 and only provides information in the R−φ
plane for the barrel, and z−φ in the end-caps. The TRT provides a large number of hits per track

(∼ 36) which contribute significantly to the momentum measurements of the particles, making

up for the reduced accuracy of the individual measurements. The Xenon based gas mixture of

the TRT provides improved electron identification through the detection of transition-radiation

photons absorbed by the gas. This provides larger signals than the minimum ionising charged

particles, helping distinguish between electrons and pions. The transition radiation is produced

by the polypropylene fibres in between the tubes, which as a secondary purpose, act as a

polymoderator, protecting the ID by absorbing neutrons radiated from the calorimeters.

3.2.2 Calorimeters

The calorimeters are the subdetectors after the ID and solenoid, and whose purpose is to mea-

sure the energy of the particles. The calorimeter system consists of three sections, namely

the Electromagnetic Calorimeter (ECal), the Hadronic Calorimeter (HCal) and the Forward

Calorimeter (FCal), which are shown in Figure 3.7. The calorimeters cover a pseudorapidity

range of |η| < 4.9 as well as a full 2π azimuthal coverage. The large coverage of the calorimeters

is important in the measurement of the missing transverse energy, which is important for studies

involving SM neutrinos or undiscovered non-interacting particles.

The calorimeters operate through the use of alternating layers of active sampling media and

dense absorber materials which promote and sustain the showers. The exact materials used

depend on each calorimeter and what those calorimeters are targeting. To get accurate energy

measurements and prevent energy leakage, the particle showers must be contained within the

calorimeters as much as possible. This also helps to prevent non-muon particles from entering

the muon spectrometer and creating fake muon signals.

The energy resolution of the calorimeters is given by:

σE
E
≈ a√

E
⊕ b

E
⊕ c, (3.7)

where a is the statistical stochastic term, b is the noise term, and c is a constant. So, unlike

the ID, the resolution of the calorimeters improves with higher energy particles. The energy

resolution approximates to the following for the ECal and HCal separately [84]:

σE
E
≈ 10%√

E
⊕ 170 MeV

E
⊕ 0.7% (ECal)

σE
E
≈ 52.9%√

E
⊕ 5.7% (HCal)

(3.8)
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Figure 3.7: Cut away view of the ATLAS Calorimeter system showing the three subsections
[71].

Due to the complexity of the hadronic showers, the HCal has a worse resolution, but because

the electronic noise term is negligible, it is not shown in the approximation. In the ECal,

particles predominantly give off energy via bremsstrahlung radiation. The amount of energy

lost is determined by the radiation length (X0) of the material, where one X0 is the distance

over which an electron will be left with 1
e of its energy after bremsstrahlung. The ECal in

ATLAS has a total radiation length of ∼ 22X0. In the HCal, the dominant energy transfer

is due to ionisation and nuclear interactions. In this case the nuclear interaction length (λ) is

used, which is the mean distance travelled by a hadron before interacting with a nucleus. The

HCal has a total width of ∼ 7.5λ, while the ECal is ∼ 1.5λ.

3.2.2.1 Electromagnetic calorimeter

The ECal uses Liquid Argon (LAr), along with kapton electrodes, as the active detecting ma-

terial and lead plates as the absorber material. LAr is the main active detector medium due

to its response stability over time and intrinsic radiation hardness. The barrel ECal consists of

two cylinders separated by a small distance at η = 0, each with a length of about 3.2 m, and

a radius from 1.4 m to 2 m. They cover the central region up to |η| ≤ 1.475. The electrodes

and lead plates are arranged in an accordion geometry, with the sheets in a radial direction and

the lines of the folds in the beam direction. This guarantees a full azimuthal symmetry with no

azimuthal cracks.

The readout in the barrel is segmented in η − φ to provide shape information on the showers.

They are also split into three layers. The inner layer has the finest granularity of ∆η ×∆φ =

0.003 × 0.025, useful in identifying π0 → γγ decays and photon direction measurements, and
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has a depth of 4.3 X0. The second layer is the thickest layer, at 16 X0, intended to contain

most of the EM shower. It has a segmentation of ∆η × ∆φ = 0.025 × 0.025. The third and

thinnest layer, with a depth of 2 X0, and largest granularity at ∆η×∆φ = 0.05× 0.025, is used

to estimate leakage into the hadronic calorimeter.

In each end-cap, there is an ECal wheel, covering the region 1.375 < |η| < 3.2 and is ∼ 0.63 m

thick. The geometry of the end-cap wheels is very similar to the barrel ECal, but with the sheet

and fold lines opposite to the design of the barrel. In various regions of the barrel and end-caps,

thin pre-sampler layers are placed between the solenoid magnet and the calorimeter, which has

fine resolution and is used to estimate the energy lost to the material before the calorimeters.

3.2.2.2 Hadronic calorimeter

The HCal is positioned after the ECal and uses different sampling technologies depending on

the required physics performance. There is a 5.8 m long barrel section and two extended barrels

on either side of the barrel, each 2.6 m long. They both have a radius from ∼ 2.3 m to ∼ 4.3 m

and cover the region |η| < 1.0 and 0.8 < |η| < 1.7 respectively.

The tile calorimeter (TileCal) uses layers of plastic scintillating tiles as active material and steel

plates as the absorber and makes up the barrel and extended barrel. The tiles are wedge shaped

and placed radially and perpendicular to the beam, with photomultiplier tubes used to read

the signal from the scintillators. The TileCal is also split into three layers like the ECal, with

a reduced granularity compared to the ECal of ∆η ×∆φ = 0.1× 0.1. The reduced granularity

is compensated for since hadronic showers are wider than electromagnetic showers.

The hadronic end-cap uses LAr as the active material with copperplates as the absorber. They

are located after the ECal end-caps, consisting of two wheels each side that are 0.8 and 1.0 m

thick, and cover the region 1.5 < |η| < 3.2. LAr is used in these forward regions due to its

intrinsic radiation hardness.

3.2.2.3 Forward calorimeter

The forward calorimeter (FCal) consists of three modules, each 0.45 m thick, and lies within

the gaps between the beam and the end-cap calorimeters, covering the region 3.1 < |η| < 4.9.

The first module uses copper as the absorber material while the outer two use tungsten, and

the active material for all three is LAr. The difference in metals is because the first module

is designed to measure electromagnetic showers, and the other two measure hadronic showers.

Due to the high radiation environment in the very forward region, the design is different to

the other calorimeters. Each module has a metal matrix with regularly spaced holes that hold

cylindrical electrodes parallel to the beam. The electrodes have a tube (cathode) within which

is a rod (anode) and in the gap between these two is the LAr medium.
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3.2.3 Muon Spectrometer

Muons are far heavier than electrons, and so do not lose much energy through bremsstrahlung.

On top of this, since they are leptons, they do not interact via the strong force. With a lifetime

of around 2.2 µs, muons decay outside the ATLAS detector, so they will pass through the entire

detector with little interaction. It is for this reason that the Muon Spectrometer (MS) is the

final layer of the ATLAS detector, where almost all the particles penetrating this far will be

solely muons. Unfortunately, there are some highly energetic hadronic showers that manage to

leak into the MS, or punch-through as it is often called, creating fake backgrounds for muons.

An illustration of the ATLAS MS is shown in Figure 3.8.

The defining feature of the ATLAS detector is the large air-core toroidal magnet, which dom-

inates the design of the MS. In the barrel region there are eight large superconducting coils,

which are capped off at either end by two smaller end-cap toroidal magnets. The barrel toroid

provides a magnetic field for the |η| < 1.4 region, the end-cap toroids cover the 1.6 < |η| < 2.7

region and the 1.4 < |η| < 1.6 region has a contribution from both. The average strength

of the magnetic field provided by the toroidal magnets is 4 T. The choice of the additional

toroidal magnet was to maximise the bending volume of the magnetic field, and to allow precise

momentum measurements of forward particles. The precision with which the muon momenta

can be measured varies from around 3% for lower pT muons (2 < pT < 250 GeV) and 10% for

higher pT muons (pT > 250 GeV). The MS barrel has components in and around the toroidal

magnets, while the three end-cap wheels are either in front (muon small wheel) or behind (the

two muon big wheels) the toroidal end-cap magnets. The detectors in the MS can be split into

two functions, one for triggering and the other for precision tracking.

3.2.3.1 Tracking chambers

The detectors used the most for the tracking are the Monitored Drift Tubes (MDTs), gas filled

aluminium drift tubes with an anode wire in the middle. The MDT chambers are arranged in

three layers in the barrel, at radii of 5 m, 7.5 m and 10 m from the the beam. In the end-cap,

the MDTS are placed on four wheels/disks at distances of 7.4, 10.8, 14 and 21.5 m along the

beam pipe from the interaction point. The disk at 10.8 m isn’t one of the three main muon

wheels as it is a disk that surrounds the end-cap toroidal magnets. The roughly 3 cm wide

tubes are in the φ̂ direction in the barrel, since the muons bend in the η̂ direction. For the

end-caps, the barrels are placed perpendicular to the beam pipe. Overall, the MDTs cover the

region |η| < 2.7.

In the forward regions, 2.0 < |η| < 2.7, additional Cathode Strip Chambers (CSCs) are used,

which have a faster readout time compared to the MDTs. CSCs are multiwire proportional

chambers, with wires orthogonal to the beam pipe, and cathode planes segmented into strips
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Figure 3.8: Cut away view of the ATLAS muon spectrometer showing the four different
detector technologies [71].

orthogonal to the wires, providing a 2D measurement. Both the MDTs and CSCs have a spatial

resolution of around 50 µm.

3.2.3.2 Triggering chambers

Given that most of the tracking chambers have a slow readout, dedicated fast triggering cham-

bers are added to provide fast signals that can be triggered on. In the barrel, and installed

between the MDT layers, are the Resistive Plate Chambers (RPCs). The RPCs are two high

voltage electrode plates with a thin gas-filled gap. In the end-caps, Thin Gap Chambers (TGCs)

are installed, which are multiwire proportional chambers with short distances between the an-

odes and cathodes. While the signal rate is higher in these chambers, their tracking precision

is reduced, with O(mm) precision, so provide a slight assistance with muon trajectory measure-

ments. Additionally, the triggering chambers provide a second co-ordinate measurement for the

track reconstruction. The triggering chambers do not cover the full muon range, but rather

only the |η| < 2.4 region.

3.2.4 Trigger and data acquisition

The LHC is designed to provide as much data as possible, in order to maximise the statistical

power of the analyses, since processes are probabilistic. However, there is a limit to the amount

of information that can be transferred and stored. With the LHC capable of producing a bunch
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crossing every 25 ns (40 MHz), there is about 60 TB of information produced every second.

Fortunately, most of these events do not contain any hard collisions and so can be rejected,

reducing the pressure on the bandwidth.

The Trigger and Data AcQuisition (TDAQ) [85] systems are comprised of smaller subsystems,

usually based on the subdetectors. The Front-End (FE) systems of the detectors are used to

convert the charge depositions in the sensors to an analogue or digital signal which is used to

reconstruct the objects. The triggers are used to determine whether an event has any interesting

objects that are worth studying. The trigger system is split into two main parts to help reduce

the amount of data. The hardware based L1 trigger searches for high pT events using the muon

and calorimeter information, reducing the rate down to 100 kHz. At the L1 stage, smaller η−φ
regions of the detector where these interesting features were found, known as Regions of Interest

(RoI), are created and passed on to the next stage. While the L1 trigger is making a decision,

the event info is stored in the FE buffers on the detector and are then passed to the Readout

Drivers (RODs) off detector once accepted. An illustration of the ATLAS TDAQ system, used

during Run-2, is shown in Figure 3.9.

After the L1 trigger is the software based High Level Trigger (HLT), which runs on a dedicated

computing farm. The HLT uses offline-like algorithms to reconstruct the event within the

RoI, reducing the rate further down to around 1.5 kHz. The events that pass the HLT are

permanently stored in the CERN T0 computing sites for offline reconstruction.

The different object triggers used at each step are combined into trigger chains, which are

themselves collected into trigger menus, defining which object triggers are used. Some necessary

triggers, e.g., lower pT triggers, could lead to very large rates. To overcome this, only a randomly

selected fraction of events that pass these triggers are actually selected, in a process known as

pre-scaling. The trigger menus used are determined before each ATLAS run, depending on what

physics processes want to be prioritised. During a single run, as the luminosity decreases, the

pre-scales will be changed.

3.2.5 Detector simulation

So far, this chapter has described the experimental apparatus used to study the real life na-

ture of hadron collisions. The data that is obtained from these experiments provide the true

distributions of the different physics processes, within statistical limitations. However, for that

data to be understood, it needs to be compared to some theoretical model of what our best

understanding of the natural world is. In Section 2.4, the methods used to go from the matrix

element calculations of a pp collision to the formation of stable particles is introduced. This

section will describe the simulation of those stable particles, how they would interact with the

ATLAS detector and how that information is converted into a form that matches what we get

from the physical detector.
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Figure 3.9: Illustration of the ATLAS Trigger and Data Acquisition system during Run 2
of the LHC data taking [86]. Also shown are the expected peak rates and bandwidths through

each component.

The stable particles obtained from the event generation are passed through a Geant4 [87] based

simulation of the detector. The interaction of the particles with the matter within the ATLAS

detector volume is modelled, accounting for electromagnetic and hadronic interactions, as well

as secondary particle production. The interaction points within the sensitive detector volumes

and the amount of energy deposited at each of those points is stored. These energy deposits

undergo a digitisation process which aims to mimic how the front-end electronics of the ATLAS

experiment would collect and store the same signal. Each subdetector has its own digitisation

process specific to what their readouts output. At this point, the simulation and experimental

data are essentially the same and both are run through the same reconstruction chain using the

ATLAS reconstruction software [88], and described in Chapter 4. This allows the data from the

physical detector to be directly compared to our theoretical expectations. While this full simu-

lation is very accurate, it is unfortunately computationally expensive. Instead, a parameterised

simulation can be used to reduce the simulation time while maintaining a reasonable level of

accuracy. Within ATLAS, this is performed using the Atlfast-II software [89], which uses the

full detector simulation for the ID and MS, but replaces the calorimeters with a parameterised

simulation called FastCaloSim [90]. Here the particle showers are parameterised in terms of

their lateral and longitudinal energy profiles. There is also the Atlfast-IIF software [89] that

replaces the ID and MS in Atlfast-II with the Fast ATLAS Tracking Simulation (Fatras) [91].

The computational time is reduced by an order of magnitude with Atlfast-II, and by up to

a further order of magnitude with Atlfast-IIF. Another commonly used method to reduce the

time spent on detector simulation is to only simulate those events that are most likely to pass
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an analysis chain. This is done by including MC filters between the generation and detector

simulation that apply selections, e.g., events with exactly two charged leptons or events within

a specified range of missing transverse energy.

With the simulation, the information of the particles’ path and decay chain are also kept, pro-

viding a truth record of the event. These truth particles can then be geometrically matched to

the particles inferred from the reconstruction so that the true origin of the reconstructed objects

in simulation is known.



Chapter 4

Physics object reconstruction

After a pp collision, all the produced particles travel through the ATLAS detector leaving

different electronic signals throughout depending on what the particle is and the physics process

of the interaction. Those raw electronic signals, either from the detector or after the digitisation

process in simulation, are fed into reconstruction algorithms to identify the physics objects

(particles) that left those signatures. Once reconstructed, those objects are then corrected

(calibrated) for detector effects.

This chapter will describe the methods and algorithms used to reconstruct and identify the

physics objects in the ATLAS detector.

4.1 Primary vertices and tracks

4.1.1 Charged particle reconstruction in the ID

The magnetic field within the ID, produced by the solenoid magnet, is directed along the z-axis

and bends the charged particles produced in the beam collisions in the transverse plane. They

are bent in order to calculate their momentum and charge.

In order to reconstruct the tracks of the charged particles, the charge deposited by these par-

ticles in the layers of the ID are used [92]. The pixels (Pixel), strips (SCT) and tubes (TRT)

that had depositions are geometrically clustered to form “hits”. A fit is performed on these

“hits” to find the tracks that are most likely from particles. These potential tracks are then

required to pass several criteria: pT > 400 MeV, at least 7 hits in the silicon layers of the ID

and small impact parameters with low uncertainties. Due to the size of the ID, tracks can only

be reconstructed in the pseudorapidity range |η| < 2.5.

One of the most fundamental parts of any analysis is correctly determining the position where

the hard scatter occurred, in otherwords, the pp interaction we are interested in. This is known

40



Physics object reconstruction 41

Figure 4.1: A diagram of the impact parameters used in ATLAS[95]. The transverse impact
parameter (d0) is defined as the distance of closest approach of the track to the beam line in
the transverse plane (x − y plane). The longitudinal impact parameter (z0) is the z distance

between the vertex and the point on the track that defines d0.

as the “Primary Vertex” [93] [94], and matchong tracks to this vertex separates the process of

interest from the pileup collisions. An iterative procedure is used to find and fit the vertices,

using the tracks as input along with a seed position, and a χ2 minimisation. Once the vertices

have been found, the one with the highest sum of the squared transverse momenta of the tracks,

Σp2
T , is considered the primary vertex and the rest are the pileup vertices. The resolution on

the primary vertex position improves as the number of fitted tracks increases. The transverse

resolution varies from around 100 µm to 20 µm while the longitudinal resolution varies from

around 150 µm to 30 µm [93].

Two important quantities used in the reconstruction of the vertices and afterwards are the trans-

verse impact parameter (d0) and the longitudinal impact parameter (z0). These are distances

of the point of closest approach on the track (perigee) in the transverse and longitudinal planes

respectively. A diagram illustrating the impact parameters is shown in Figure 4.1.

4.2 Leptons and photons

In this section, the reconstruction and identification of electrons and muons are described, both

being important signatures of the W and Z boson decays in the V H analysis presented in this

thesis. Although photons are not used in this thesis, they are discussed here to differentiate

them from electrons, given how similar their signatures are. The τ -leptons are not included in

this section since they are not used as separate objects in this analysis but are rather classified

as jets not originating from a b-quark.
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4.2.1 Electron and photon reconstruction

Electrons and photons both leave a signature in the ECal of the ATLAS detector through a

showering process. The signatures are so similar that the reconstruction of the electrons and

photons are performed in parallel. The main difference between the electron and photon is

that since the photon has no charge, it has a very small interaction with the ID and thus has

no reconstructed track. The electron, however, will have a reconstructed track pointing to the

shower it produced in the ECal.

To reconstruct the deposits (clusters) in the ECal, the ECal is divided into a grid of unit size

∆η×∆φ = 0.025× 0.025 which corresponds to the granularity of the middle layer of the ECal.

A sliding-window algorithm [96], of size 3× 5 grid units in η − φ space, is then used to identify

cluster seeds within |η| ≤ 2.5. All cells within the window and the longitudinal layers of the

ECal are summed to create a tower energy, and if the energy of the tower is greater than 2.5

GeV, then the tower is considered a seed. Cells within a predefined η − φ distance from the

seed, dependent on the layer, are then clustered to the seed cluster to form the final cluster.

Once ECal clusters have been found, tracks in the ID are matched to the clusters if the distance

between the position of the track in the middle layer of the ECal and the barycentre of the

clusters is ∆η < 0.05 and ∆φ < 0.1. These matched tracks are then refitted using a Gaussian

Sum Filter [97] that takes into account the energy lost via non-linear Bremsstrahlung. The

clusters with the matched tracks are the electron candidates, while the clusters with no matched

tracks are photon candidates.

4.2.2 Electron and photon identification

Electrons are identified by using 3 identification criteria, each one more stringent than the

previous and called loose, medium and tight [98]. All electrons passing the tight criterion also

pass the medium, and all passing the medium pass the loose. The tighter criteria improve the

rejection of non-prompt electrons and electrons originating from photon conversions but reduce

the efficiency of electron identification. These criteria are briefly summarised:

• loose: simple shower-shape cuts are used and the matching between the cluster and the

track is lenient.

• medium: the cuts from the loose selection are made more stringent with an added lenient

selection on the transverse impact parameter for the track and the number of hits in the

TRT. To discriminate from photon conversions in the ID, a hit in the innermost layer of

the pixel detector is required.



Physics object reconstruction 43

• tight : the cuts from the medium selection are made more stringent, any photon conversion

vertices associated with the cluster are vetoed, and an additional selection on the ratio

between the cluster energy and the matching track momentum is added.

Cuts applied to the shower-shape also help separate electron clusters from clusters originating

from light hadrons interacting with the ECal. Ligh hadron showers in the ECal are usually

smaller than electron showers and tend to be closer to the HCal. A likelihood-based method

[99] is used to help identify electrons. The multivariate technique considers the shower shapes,

track quality, matching between the clusters and tracks, and a high threshold signal in the TRT

that is indicative of transition radiation from an electron.

For electrons that have ET > 15 GeV, the efficiency to reconstruct them in the central region

of the detector is roughly 92%, 87% and 77% for the loose, medium and tight selections respec-

tively. Plots of the electron efficiency as a function of transverse energy and pseudorapidity are

given in Figures 4.2(a),4.2(b). The efficiency improves as the energy of the electron increases,

and the efficiency drops as the electrons become more forward.

To further improve the efficiency of prompt electrons and reduce the backgrounds, certain isola-

tion and quality selections are applied. The electron tracks need to pass cuts on the longitudinal

and transverse impact parameters, removing tracks that may not originate from the vertex that

the prompt electron comes from. There are two isolation requirements, loose and tight. For the

loose isolation, the scalar sum of the track pT within a variable cone with ∆Rmax = 0.2 around

the electron track, divided by the pT of the electron, must be less than 0.15 [99]. For the tight

electrons, an extra isolation is applied where the sum of the transverse energy of the clusters in

the calorimeter within a cone with ∆R = 0.2, and not associated to the electron, must be less

than 3.5 GeV.

When it comes to identifying photons, the tracks play a major role. Sometimes photons will

convert to an e+e− pair in the ID, creating a conversion vertex which will point to the clusters

in the ECal. These are known as converted photons, while those photons that make it to the

ECal without pair producing are called unconverted photons. The unconverted photons will

have no track associated with the ECal cluster. To differentiate between prompt photons and

background photons (usually originating from jets), the shape of the cluster is used, as well as

information from the first ECal layer. Prompt photons tend to have narrower showers due to

their higher energies.

4.2.3 Muon reconstruction

Muons are primarily reconstructed using a combination of the MS and ID, with a small con-

tribution from the calorimeters [101]. Tracks are reconstructed independently in the ID and

MS first, and then combined following an outside-in method to form the muon candidate track

(combined muons). Due to the limited size of the ID, combined muons can only be reconstructed
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(a) (b)

Figure 4.2: The measured electron-identification efficiencies in Z → ee events as a function
of ET (a) and η (b) for the loose (blue), medium (red) and tight (black) definitions [100]. The
vertical bars represent the uncertainties, for statistical (inner bars) and total (outer bars). The
data efficiencies are obtained by applying data-to-simulation efficiencies measured in J/ψ → ee
and Z → ee events to Z → ee simulation. In both plots, the bottom panel shows the ratio of

data to simulation.

in the region |η| < 2.5.

A less common muon reconstruction uses just the information from the MS, and is used mostly

in the 2.5 < |η| < 2.7 region, which is not covered by the ID. These are known as extrapolated

muons. Another method is the calorimeter-tagged muons. This is when a track in the MS is

missing, and is mostly used in the |η| < 0.1 region where the MS has reduced acceptance due to

making space for the ID and calorimeter services. The track in the ID is matched to an energy

deposit in the calorimeter with an energy around the expected value to be deposited by a muon.

4.2.4 Muon identification

Similar to the electrons, the muons are required to pass different identification criteria depending

on the analysis requirements, namely loose, medium and tight. They are defined as:

• medium: Only uses combined and extrapolated muons. The combined must have ≥ 3

hits in at least two MDT layers, except in the |η| < 0.1 region where at least one layer is

needed. The extrapolated muons require at least three MDT or CSC layers and occur in

the 2.5 < |η| < 2.7 region. For the combined muons, a loose compatibility between the

ID and MS tracks is applied, based on the relative differences in the momentum of the

tracks.
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(a) (b)

Figure 4.3: The measured muon-identification efficiencies as a function of pT (a) and η (b)
for the loose (yellow), medium (red) and tight (blue) definitions [102]. The plot in (a) used
J/ψ → µµ events while (b) used Z → µµ events and muons with pT > 10 GeV. The vertical
bars represent the uncertainties, for statistical (inner bars) and total (outer bars). In the upper
panels of both plots, the open markers are from simulation while the filled markers are from

data. In both plots, the bottom panel shows the ratio of data to simulation.

• loose: This uses all the muon types discussed in Section 4.2.3. All the combined and

extrapolated muons must pass the medium selection, and the calorimeter-tagged muons

are restricted to the |η| < 0.1 region.

• tight : Only combined muons passing the medium selection are used, which then have a

tighter selection on the compatibility between the ID and MS tracks.

Plots of the muon identification efficiency as a function of pT and η are given in Figures

4.3(a),4.3(b). The muon efficiencies are more constant compared to the electron efficiencies

due to their cleaner signals.

Similar requirements on the transverse and longitudinal impact parameters that are applied to

the electrons are also applied to the muon tracks. For all muons, an isolation requirement is ap-

plied where the scalar sum of the track pT within a variable cone of ∆R = min(10 GeV/pµT , 0.3)

around the muon track, must be less than 15% of the muon transverse momentum pµT . The

tight muons have an additional isolation where the sum of the pT of the tracks around the muon

track, and excluding the muon track, in a cone with ∆R = 0.2 must be less than 1.25 GeV.

4.3 Jets

In high-energy hadron collisions, the majority of the particles produced are quarks and gluons.

Unfortunately, due to QCD color confinement (see Chapter 2), these particles immediately

undergo fragmentation and hadronisation, resulting in a collimated stream of particles stable
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enough to travel through the detector. These streams, known as jets, deposit large amounts

of energy in the calorimeters, producing a “shower” of lighter particles which are primarily

electrons and photons. This makes jets complicated to reconstruct, but ideally, they are capable

of providing information about the original partons [103].

4.3.1 Jet reconstruction

There are several ways to reconstruct jets in ATLAS, but for the jets used in this thesis, the Elec-

tromagnetic Particle Flow (EMPFlow) algorithm [104] is used. This uses the information from

both the calorimeters and the ID. The cells in the calorimeters with sufficient energy depositions

(to avoid noise) are grouped together into 3-dimensional clusters known as topological clusters

(topo-clusters) via an iterative algorithm [105]. These topo-clusters, along with the tracks in

the ID that are not associated to leptons, are input to the EMPFlow algorithm where overlaps

between the tracks and the topo-clusters are removed via a cell-based subtraction. First, tracks

are matched to the topo-cluster with the smallest ∆R′ =
√

(ηt−ηcση
)2 + (φt−φcσφ

)2, where (ηc, φc)

and (ηt, φt) are the (η, φ) co-ordinates of the topo-cluster and track respectively, and ση and

σφ are the angular topo-cluster widths. Tracks with ∆R′ > 1.64 to the nearest topo-cluster

are considered unmatched and left as tracks. Additionally, the energy of the matched topo-

cluster must be at least 10% of the momentum of the track. Sometimes a particle may deposit

energy into multiple topo-clusters, so to distinguish between single and multiple topo-cluster

depositions, the significance of the difference between the matched topo-cluster energy and the

expected deposited energy is used, defined as follows:

S(Eclus) =
Eclus − 〈Edep〉

σ(Edep)
. (4.1)

Here, Eclus is the energy of the topo-cluster while 〈Edep〉 = ptrk〈Eclus
ref /p

trk
ref 〉 is the expected

energy to be deposited in the calorimeter for a track with momentum ptrk. The expectation

value 〈Eclus
ref /p

trk
ref 〉 is determined using single-pion samples with no pileup [104]. σ(Edep) is then

the spread of the expected energy. If the energy of a topo-cluster is more than 1σ(Edep) below

the expected energy deposited by the track, i.e., S(Eclus) < −1, a split-shower recovery is

performed where topo-clusters within ∆R = 0.2 of the track are labelled as matched to the

track. If the total energy of all the topo-clusters matched to the track is less than the expected

energy, Eclus < 〈Edep〉, then those topo-clusters are removed. Otherwise, the energy in the cells

of all the topo-clusters matched to the track are removed one-by-one, moving from more energy

dense regions to less energy dense regions, until the total energy of the removed topo-clusters

matches the expected deposited energy of the track. If the energy in the remaining cells is

consistent with the width of the expected energy, or specifically if less than 1.5σ(Edep), it’s

assumed that these cells are due to a single particle depositing energy in these topo-clusters.
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These extra cells likely originate from shower fluctuations and so are removed. If the remaining

energy is above 1.5σ(Edep), the extra energy is likely deposited from multiple particles, and so

those topo-clusters are kept. The tracks, along with the modified and unmodified topo-clusters

enter the jet reconstruction algorithms.

This reconstruction of jets differs from the previous published paper [24] which used only the

topo-clusters in the jet reconstruction, and are known as EMTopo jets.

4.3.1.1 Reconstruction algorithms

Jet reconstruction algorithms are designed in such a way as to allow for reconstruction using

any four-momentum object as the input, be it a calorimeter cell, charged particle track or MC

truth object. Due to its excellent performance at reconstructing jets, the anti-kT algorithm

[106] is the method used for jet reconstruction of small-R jets in the ATLAS collaboration.

There are two distance measures in the algorithm, namely the distance between two objects i

and j (dij) and the distance between object i and the beam (diB):

dij = min

(
1

p2
T i

,
1

p2
Tj

)
∆R2

ij

R2
, diB =

1

p2
T i

(4.2)

where ∆R2
ij = (ηi − ηj)2 + (φi − φj)2 is the angular distance between the two objects i and j;

pT i, ηi, φi are the transverse momentum, pseudorapidity and azimuth of object i, and R is the

distance parameter.

The clustering is performed sequentially by comparing all objects and finding the smallest

distance measure. If dij is the smallest, the objects i and j are combined and the 4-momentum

of the object recalculated. If diB is the smallest, object i is classified as a jet and removed from

the list. The distances are all recalculated and the procedure is repeated until all objects have

been classified as jets.

Due to the inverse squared momenta in the algorithm, the anti-kT algorithm favours hard

particles over soft particles. Soft objects are thus clustered to hard objects long before they

start clustering with themselves. This results in jets that are resilient to soft particles which

is important since jets should be resilient to final state radiation and unwanted background.

The distance parameter R determines the maximum size of the jet, and for small-R jets takes

the value of 0.4. Small-R jets are used to reconstruct individual quarks/gluons while large-R

jets (typically R = 1.0) are used to reconstruct boosted objects whose decay particles begin to

merge and struggle to be resolved.
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4.3.2 Small-R jet calibration and selection

The reconstruction of jets unfortunately is not perfect, and so corrections are required. These

corrections, Jet Energy Scale (JES), calibrate the energy scale of the jets to account for sev-

eral effects, namely the different responses of the electromagnetic and hadronic calorimeters

(calorimeter non-compensation), dead material, out-of-cone energy and pileup contamination

[107]. The JES corrections aim to restore the energy of the jets to the scale of the truth jets.

There are several steps to this correction, which occur in the following order [108]:

• Origin correction: The direction of the jet is corrected to point towards the hard-scatter

primary vertex, since when they are reconstructed they originally point to the centre of

the detector.

• Pileup corrections: The expected pileup contamination is removed from the jets by

subtracting the expected pT due to the soft contributions and is dependent on the area

of the jet. The residual pileup dependence is removed via corrections dependent on the

number of primary vertices in the event (for in-time pileup) and the average number of

bunch crossings (for out-of-time pileup).

• Absolute JES correction: MC samples are used to compare the pileup corrected re-

constructed jets to the jets at truth level. Both the energy and η of the jets are corrected,

altering the 4-momentum of the jets. The η calibration accounts for the transition between

the calorimeters.

• Global Sequential Calibration (GSC): Reduces the dependence of the jet energy

on the shape of the shower in the calorimeters, including possible energy leakages. In-

formation from the ID, calorimeters and the MS is used. The correction improves the

identification of quark- versus gluon-initiated jets, since quark jets have harder hadrons

that elongate the shower, while gluons have more soft particles which give a wider shower

shape.

• In-situ calibration: Applied only to data and accounts for the imperfect detector de-

scription in simulation. The corrections are calculated by balancing the pT of jets to other

well measured reference objects using γ+jets, Z+jets and multijet samples.

Another correction is the Jet Energy Resolution (JER) and is defined as σpT /pT [109]. It is

obtained in-situ and applied to the Monte Carlo by smearing the jet energies with a gaussian

function that has a width equal to the JER uncertainty in data. The JES and JER corrections

are applied as scale factors to each jet in an event, scaling the magnitude and resolution of their

energies respectively. After these corrections are applied, there still may be some pileup jets left

in the event. The number of pileup jets are reduced by applying a cut on a discriminant, the
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(a) (b)

Figure 4.4: (a) The ratio of data to simulation of the PFlow+JES jet response as a function
of jet pT for Z+jet, γ+jet and multijet in-situ calibrations [111]. The vertical bars represent
the uncertainties, for statistical (inner bars) and total (outer bars). The final correction and its
uncertainty bands are also shown. (b) The relative jet energy resolution as a function of pT for
PFlow+JES jets. [111] The vertical bars on the points represent the total uncertainties on the

relative resolution in dijet events.

Jet Vertex Tagger (JVT) [110]. The JVT is built using information on the tracks and vertices

to separate between pileup and hard-scatter jets. A plot of the PFlow+JES jet response as a

function of pT is shown in Figure 4.4(a), and the relative jet energy resolution of PFlow+JES

jets as a function of pT is shown in Figure 4.4(b).

4.3.3 B-Jet reconstruction and identification

Determining the origin of a jet is important in physics analyses in order to be able to reconstruct

the hard collision correctly and know if it is a process we are interested in. The jets most

important to identify are the jets originating from b-quarks, particularly for this analysis. To

identify a jet as a b-jet, or “to tag a jet”, a b-tagging algorithm is used that takes the tracks

in the jet as input. The lifetime of b-hadrons is of the order 1.5 ps [11], so a b-hadron with an

energy in the tens of GeV is able to travel a few mm before decaying. This is a sweet spot for

our detectors as top quarks decay too quickly to even form hadrons, while up, down and strange

hadrons have too long a lifetime and often make it to the calorimeters. Charm hadrons have a

slightly longer lifetime than b-hadrons, but not too long that they reach the calorimeters, so they

can be tagged but with a lower efficiency-to-rejection factor than b-hadrons. The slightly longer

lifetime of the b-hadron results in a secondary vertex that is slightly offset from the primary

vertex. A diagram illustrating the secondary vertex (SV) being produced a distance Lxy from

the primary vertex (PV) is shown in Figure 4.5. Since the b-hadron decays via electroweak

interactions, b-quarks prefer to decay to c-quarks (|Vcb|2 � |Vub|2), and so b-jets often contain
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Figure 4.5: Diagram illustrating the characteristics of a b-hadron decay [113]. PV is the
primary vertex, while SV is the secondary vertex created by the decay of the b-hadron, after it

has travelled a distance Lxy due to its particular lifetime.

c-hadrons with their own displaced vertex [112]. This offset, along with the large mass of b-

hadrons (∼ 5 GeV) producing more tracks than light hadrons when it decays, can be exploited

with the b-tagging algorithms.

Within ATLAS, there are two levels of b-tagging algorithms. The low-level algorithms are

designed to discriminate between b- and non-b-jets on specific aspects. The outputs of these are

then fed into a high-level multivariate algorithm to maximise the b-tagging performance. The

low-level taggers are as follows [114]:

• IP2D and IP3D: These algorithms use the longitudinal and transverse impact parameter

significances. They look to see if the point of closest approach is in front or behind the

primary vertex with respect to the direction of the jet, with b-hadrons likely being in front.

• SV1: Reconstructs the secondary vertex using track pairs associated to the jet and far

enough from the primary vertex. The new vertex has to pass a fit quality requirement

where poorly fitted tracks are removed. A cut on the mass is performed and then properties

of the secondary vertex and a momentum comparison between the tracks associated to

the secondary vertex and all the tracks within the jet is performed.

• JetFitter: Uses a Kalman filter to find a common line in 3D space on which the primary,

b- and c-vertices lie, providing an approximate flight path of the b-hadron. Takes into

account the flight lengths of the particles.

• RNNIP: A recurrent neural network that takes as input track-based variables, e.g., im-

pact parameters, track pT and ∆R between track and jet axis [115].
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The high-level tagger used in this analysis is the DL1r algorithm [116], which is the same as the

DL1 algorithm [117] with the additional input of the RNNIP algorithm. The DL1r algorithm

is an artificial deep neural network that takes the output of the low-level taggers as input. The

DL1r algorithm has three outputs that correspond to the probabilities that the jet is a b-, c- or

light-flavour jet. The three outputs (pb, pc, pu) are combined into a function with a tuneable

parameter fc (the fraction of c-jets) which can be varied depending on the analysis’ needs (set

to 0.018 in this analysis). The output of this function is the final discriminant for b-tagging,

and is defined as:

D = log

(
pb

fcpc + (1− fc)pu

)
(4.3)

The DL1r algorithm is trained on tt̄ events (due to the ∼ 100% decay of top quarks to bottom

quarks) and a cut on D is applied depending on the efficiency working point which is specific

to each analysis. ATLAS has four default working points to choose from, which is an average

b-tagging efficiency of 60%, 70%, 77% and 85%. The higher the b-tag efficiency, the lower the

c- and light-tag rejection. This can be seen in Figures 4.6(a),4.6(b). While the 60% working

point will find the least amount of b-jets, the fraction of those jets that are real b-jets will

be the highest. For each operating point, data-to-simulation scale factors are computed as a

function of the b-jet pT , defined as the ratio of the efficiency in collision data to the efficiency in

simulation. Also shown in Figures 4.6(a),4.6(b) is a comparison of the DL1r algorithm to the

MV2c10 [118] algorithm that was used in the previous round of the analysis. The DL1r and

MV2c10 algorithms use the same inputs, except for the RNNIP which is only used by the DL1r,

but the major difference is that the MV2c10 algorithm is based on a boosted decision tree, as

opposed to a deep neural network that the DL1r uses. A description of boosted decision trees

and deep neural networks is given in Section 5.2.2.

For the simulation, the true flavour of a jet is found by matching the reconstructed jet with

truth particles. A jet is labelled as a true b-jet if a weakly decaying b-hadron with pT > 5

GeV lies within ∆R = 0.3 of the jet axis. If no b-hadron is found, c-hadrons and τ -leptons are

searched for. If none of these are found, the jet is labelled as a light-jet.

4.3.3.1 Pseudo-Continuous b-Tagging (PCBT)

The tagging scheme used in this analysis is known as Pseudo-Continuous b-Tagging (PCBT),

which splits the classification of the b-jets into 5 bins with the edges defined by the four working

points (i.e., [100-85], [85-77],[77-70],[70-60],[60-0]). Since this analysis uses the working point

of 70%, PCBT splits the b-tagged jets into two categories of different “purity”, instead of just

having them all labelled as passing the 70% working point. The tagged binning is then also

used in the training of the final MVA discriminant used in this analysis to separate V H signal

from the background processes.
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(a) (b)

Figure 4.6: The ROC curves of several ATLAS b-tagging algorithms showing the light-flavour
rejection ( 1

εu
) vs b-jet efficiency (εb) (a) and c-jet rejection ( 1

εc
) vs b-jet efficiency (b) [119]. The

DL1r algorithm used in this analysis is the blue dashed line, while the algorithm used in the
previous round of the analysis is the solid line in maroon. The performance was evaluated using
simulated tt̄ events with PFlow jets reconstructed using the anti-KT algorithm with R = 0.4
and with 20 < pT < 250 GeV and |η| < 2.5. The shaded bands show the statistical uncertainty.

4.3.3.2 Corrections to b-tagged jets

Once the b-jets are found, energy corrections are applied to them since they have unique features

that make the GSC calibrations sub-optimal. These corrections are applied to improve the signal

mass resolution and sensitivity. The corrections are as follows:

• Muon-in-Jet: Due to the weak decays of the b- and c-hadrons within a b-jet, about

10% of the time there will be a muon within the jet. The correction is applied if a muon

with pT > 4 GeV is found within a variable distance from the jet centre, maxing out at

∆R = 0.4 for low pT muons. If more than one muon passes this, the one with the smallest

∆R is used. The 4-momentum of the selected muon is added to the jet after the expected

energy deposited by the muon is subtracted from the calorimeter. This improves the jet

pT and direction since the muon deposits a small amount of energy in the calorimeter.

• PtReco: b-jets can suffer from out-of-cone effects due to the secondary vertex and the

heavy b-hadron mass. This is when some of the energy is not captured by the recon-

struction algorithm. To correct this, a scale factor is applied to the pT of the jets that

is calculated as the ratio between the true pT of the jet and the reconstructed pT after

the muon-in-jet correction has been applied. The scale factor is derived separately for

b-jets with or without a lepton, with the difference most likely due to the neutrino from
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(a) (b)

Figure 4.7: The invariant mass distributions of the two Higgs boson candidate jets in the
2-jet region, with CRs & SR combined, for the 1-lepton WH → lνbb̄ 150 GeV <pVT <400 GeV
(a) and 2-lepton ZH → llbb̄ 75 GeV <pVT <400 GeV (b). The red lines are for the uncorrected
jets (mBB GSC), the cyan lines are the jets with the muon-in-jet corrections (mBB oneMu),
the magenta lines have an additional PtReco correction applied (mBB pTReco). The blue lines
are the fully corrected jets, which in the 0- and 1-lepton are the PtReco jets, while in 2-lepton
they are the jets after the kinematic fit has been applied. Finally, the black lines (mBB truth)
is the invariant mass of the truth jets matched to the Higgs candidate reconstruction jets. In
the legend are the mean and standard deviation of the distributions, obtained from fitting a
Bukin function. In the 2-lepton plot, the PtReco correction is shown just for direct comparison

with the kinematic fit.

the semi-leptonic decays. The correction is applied as a function of pT , with larger scale

factors at lower pT .

• Kinematic Fit: The Kinematic Fit (KF) replaces the PtReco correction in the 2-lepton

channel of this analysis (see Section 5.1), since it is possible to take advantage of the well

measured Z → `` process. Here, a likelihood fit is performed to constrain the final state

objects to be balanced in the transverse plane, thereby improving the b-jet energy. No

improvement was found in the njets > 3 region and so the KF is only applied to the 2-

and 3–jet regions.

As can be seen in Figure 4.7, each successive correction both shifts the peak of the invariant

mass distribution up towards the true value, and also reduces the width of the distribution.
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4.4 Missing transverse energy

The missing transverse energy, EmissT , needs to be measured as accurately as possible as it is

an important observable used to estimate the amount of energy carried by weakly interacting

particles, e.g., neutrinos or dark matter candidates. Since they are not observed, they create a

momentum imbalance in the transverse plane of an event. This is due to the colliding beams

having close to zero transverse momentum, so if the observed total transverse momentum in the

detector is not close to zero it is possible that an undetected particle was produced. EmissT is

calculated using two contributions, the hard term which comes from the reconstructed objects

in the event matched to the hard collision, and the soft term which is all the charged tracks

matched to the hard collision but not to any of the reconstructed objects [120]. The missing

transverse energy is defined as the negative vectorial sum of transverse momenta of the hard

and soft terms, or in other words:

Emiss
T = −

 ∑
electrons

peT +
∑

photons

pγT +
∑
muons

pµT +
∑

τ−leptons
pτhadT +

∑
jets

pjetT +
∑
soft

psoftT

 (4.4)

Since the reconstruction of the hard objects are done independently of each other, there is a

chance that some of the detector signal may be shared between different objects, e.g., calorimeter

signals shared between jets and electrons. This may introduce double counting of energy when

calculating the EmissT term, so a signal ambiguity resolution procedure is used that rejects already

used signal contributions [120]. It works in an order starting with electrons, then photons, τ -

leptons and finally jets. A separate procedure is used to remove jets when overlapping with

muons that is dependent on the momenta of the muons and jets, and the number of tracks

associated to the jets.



Chapter 5

Event selection and statistical

treatment of the V H → bb̄ resolved

analysis

This chapter will introduce the V H → bb̄ resolved STXS measurement, outlining the strategy

used to calculate the signal strengths of this process within the framework of the Simplified

Template Cross-Section (STXS) measurements.

The work in this thesis is part of the larger and final Run-2 V H to bb̄ + cc̄ resolved+boosted

analysis [23] which combines the V H → bb̄ resolved, V H → bb̄ boosted and V H → cc̄ resolved

analyses. As such, only a very brief introduction to the V H → bb̄ boosted and V H → cc̄

resolved analyses will be given.

For the sake of the work presented in this thesis, the analysis methods were frozen before the

Run-2 combined analysis had decided on what the final analysis methods would be. Therefore,

this chapter does not describe the completed version of the Run-2 combined analysis, but rather

only describes the outline of the analysis methods used for this thesis alone.

5.1 Overview

From Chapter 2, we know the most sensitive decay channel to study the Higgs coupling to down

type quarks is the H → bb̄ decay. However, since the final state particles form jets, the signal

is dominated by the large multijet backgrounds at the LHC. To overcome this, studying the

H → bb̄ decay in the associated vector boson (W/Z) production channel allows the selection

of the leptons produced in the leptonic decays of the vector bosons to reduce the large jet

backgrounds. This results in three channels that can be studied, based on the number of

leptons from the vector boson decay, namely the 0-lepton (ZH → ννbb̄), 1-lepton (WH → lνbb̄)

55
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and 2-lepton (ZH → llbb̄) channels.

In the case of the resolved V H → bb̄ analysis, the transverse momentum of the Higgs boson is

low enough such that the b-quarks from the Higgs are reconstructed individually using small-R

jets (described in Section 4.3.1.1). For the boosted V H → bb̄ analysis, the transverse momentum

of the Higgs boson is high enough such that the b-quarks are boosted, and thus too close to each

other to be reconstructed individually. Instead, a single large-R jet is used to reconstruct the

merging of the resultant showering of the two b-quarks. The boundary between the resolved and

boosted analyses is where the transverse momentum of the vector boson (pVT ) is equal to 400

GeV, with the resolved regime being below 400 GeV. The pVT approximates the pT of the Higgs

boson (pHT ) well, assuming a tree-level process with no extra radiation, since the Higgs boson

recoils off the vector boson. The pVT is used over pHT since the resolution of lepton measurements

is better than those of jets. For the V H → cc̄ resolved analysis, a similar approach as to the

V H → bb̄ resolved analysis is used, however instead of searching for b-quarks, the search is for

c-quarks.

While there are some strategies used in this thesis based on the ATLAS analysis that combines

the three different strategies mentioned above, the calculations and measurements are done

independently.

5.2 V (H → bb̄) resolved

The V (H → bb̄) production can be split into three modes. These are the quark-induced produc-

tion of either a W or Z boson (qqV H), and the gluon-induced production of a Z boson (ggZH).

Leading-order Feynman diagrams of these processes can be seen in Figure 5.1. Gluon-induced

production only occurs for the Z boson as the Z boson has zero charge, and the W production

has contributions from both the W+ and the W−. Due to the additional loop in the ggZH

process, its cross-section is lower than the qqZH process. The final state objects are the leptons

from the leptonic decays of the Z and W bosons, and the b-jets from the Higgs decay. While

V H processes with the Higgs boson decaying to charm quarks are also used in this thesis, they

are treated as backgrounds to the V (H → bb̄) signal process. They have the same Feynman

diagrams as the bottom quark decays but with the Higgs boson decaying to two charm quarks

instead. Unfortunately, the V H → bb̄ process is not the only process that has leptons and

b-jets in the final state. These other processes are the backgrounds for this analysis and can be

separated into reducible and irreducible backgrounds.

The irreducible background processes have the exact same final state objects as the signal pro-

cess, which in this thesis, are the diboson and V+jets processes. The diboson processes have one

of the vector bosons decaying to leptons, while the other decays to quarks. The V Z processes

are particularly similar to the signal as the hadronic decays of the Z boson results in a peak

in the invariant mass distribution of the jets close enough to the Higgs boson mass peak such
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(a)

(b) (c)

Figure 5.1: The leading-order quark-induced (a) and gluon-induced (b)(c) contributions to
the production of V H process.

that the tails overlap. The leading-order quark- and gluon-induced diboson Feynman diagrams

are shown in Figure 5.2. The V+jets processes have the vector bosons decay leptonically, while

the b-jets come from the additional gluon radiation in the production. The leading-order quark-

and gluon-induced V+jets Feynman diagrams are shown in Figure 5.3.

The reducible backgrounds have more final state objects than the signal, so can only pass the

event selection due to some of these objects falling outside the fiducial volume or being misre-

constructed. For this analysis, the reducible backgrounds are the tt̄, single-top and the QCD

multijet processes. In the following, all the top quarks decay to a W boson and a b-quark

almost 100% of the time. The tt̄ processes have two top quarks, resulting in the most final

state objects of the modelled background processes in this analysis. At a centre-of-mass en-

ergy of
√
s = 13 TeV at the LHC, top quark pairs are produced around 90% of the time via

gluon-induced processes [11]. The tt̄ process becomes more signal like when only one of the top

quarks falls fully inside the detector acceptance, or the other top quark is poorly reconstructed.

The leading-order tt̄ Feynman diagrams are shown in Figure 5.4. The single-top processes can

be split into three production modes, namely the s-channel, t-channel and Wt-channel. The

s-channel has a b-quark and a top-quark, while the t-channel has a top-quark and another quark

that can be any flavour. The Wt process has a W boson and a top quark, and in this analysis,
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(a) (b)

(c) (d)

Figure 5.2: The leading-order quark-induced (a)(b) and gluon-induced (c)(d) contributions
to the production of diboson processes.

(a) (b)

Figure 5.3: The leading-order quark-induced (a) and gluon-induced (b) contributions to the
production of the V+jets processes.

is the dominant single-top process. The leading-order single-top Feynman diagrams are shown

in Figure 5.5. The QCD multijet background originates from the large amount of parton-parton

interactions in pp collisions. Despite not being a genuine source of prompt leptons and EmissT ,

due to the large cross-section of this background at the LHC, it can potentially contribute a

non-negligible amount. Some of the many Feynman diagrams of the QCD multijet background

is shown in Figure 5.6.
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(a) (b)

Figure 5.4: The leading-order gluon-induced contributions to the top quark pair production.
The gluon fusion production is in (a) and the t-channel production is in (b).

(a) (b) (c)

Figure 5.5: The leading-order contributions to the s-channel (a), t-channel (b) and Wt
channel (c) single-top productions.

(a) (b) (c)

Figure 5.6: Some of the leading-order contributions to the QCD multijet background.
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5.2.1 Event selections

The physics objects used in this analysis are those defined in Chapter 4. However, before they

are used, they have to pass an overlap removal procedure. The overlap removal ensures there is

no sharing of signals in the detector between two or more physics objects, and is the final stage

of object reconstruction before the analysis specific selections are applied. The overlap removal

procedure is applied to each event, in a sequential manner, with the objects that fail at each

step removed before proceeding. The objects that fail are more likely to be fake reconstructions.

While hadronically decaying τ -leptons are not used in this thesis, they are used in the overlap

removal procedure. The overlap removal proceeds as follows:

• tau-electron: If the ∆R between the hadronically decaying τ -lepton and the electron is

less than 0.2, the τ -lepton is removed

• tau-muon: If the ∆R between the hadronically decaying τ -lepton and the muon is less

than 0.2, the τ -lepton is removed

• electron-muon: If a muon and an electron share a track in the ID, the electron is removed if

the muon is a combined muon, whereas the muon is removed if the muon is a calorimeter-

tagged muon.

• electron-jet: If the ∆R between the electron and the jet is less than 0.2, the jet is removed.

However, the electron is removed if the ∆R is between 0.2 and the lesser of 0.4 and

0.04 + 10/peT . Here, peT is the transverse momentum of the electron in GeV.

• muon-jet: If the ∆R between the jet and the muon is less than 0.2, the jet is removed if

the jet has less than three associated tracks each with pT > 500 MeV or the muon carries

more than half of the jet pT . For the jets that remain, if the ∆R is smaller than the lesser

of 0.4 and 0.04 + 10/pµT , the muon is removed. Here pµT is the transverse momentum of

the muon in GeV.

• tau-jet: If the ∆R between the jet and the hadronically decaying τ -lepton is less than 0.2,

the jet is removed. Since this thesis doesn’t use specifically use τ -leptons, the jets from

the surviving hadronically decaying τ -leptons are classified as normal jets.

The selections for the jets are common between the three lepton channels. For the 0- and 1-

lepton channels, either exactly two or exactly three jets are required, while the 2-lepton channel

requires either exactly two or ≥ 3 jets. Henceforth, the number of these reconstruction level

jets will be denoted as njets. The higher jet multiplicity in the 2-lepton channel takes advantage

of the reduced top background due to requiring two leptons, increasing the sensitivity to the

signal. This is unlike in the 0- and 1-lepton channels where the top backgrounds become larger
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at higher jet multiplicities. Of these jets, at least two must be central jets (|η| < 2.5) and exactly

two of those central jets have to pass the 70% working point of the DL1r b-tagging algorithm.

From here on, the number of jets that are b-tagged is denoted as nbjets. The central jets must

have pT > 20 GeV while the forward jets (2.5 < |η| < 4.5) have pT > 30 GeV. Additionally, the

leading (highest pT ) b-tagged jet must have pT > 45 GeV. The 4-vectors of the two b-tagged

jets are added together, forming a new 4-vector that represents the Higgs boson candidate. Due

to the data being mismodelled by the simulated events at low values of the invariant mass of

the Higgs boson candidate (mBB), a selection of mBB > 50 GeV is applied. The selections on

the jets are all applied using the GSC jets before the b-jet corrections are applied, as described

in Section 4.3.

While what is described in the rest of this paragraph is fully explained in Section 7.1, it is im-

portant to briefly introduce it here since it involves an additional selection on the jets that will

be discussed in the coming sections. Specifically, the STXS regions are split by the number of

truth jets to increase the granularity of the STXS measurement. However, due to reconstruction

effects and analysis region selections, this splitting results in correlations between these STXS

regions. A major focus of this thesis is studying the impact of applying a tighter selection of

pT > 30 GeV to the non-b-tagged central jets. This tighter selection is intended to better align

the selections applied at the STXS level with the analysis level and, ideally, reduce the correla-

tions between the STXS regions that differ by the number of jets. As a result, this thesis will

often compare two scenarios: one where the non-b-tagged central jets have a minimum pT of 20

GeV, and another where the minimum pT is set to 30 GeV.

The vector boson candidate is formed from summing the 4-vectors of the leptons and/or neu-

trinos in the event, which must pass the selections described in the following subsections. The

selections differ per channel due to the different leptonic decays of the vector bosons, and the

different backgrounds that need to be suppressed. The definitions of the leptons used in the

selections are summarised in Table 5.1. The analysis regions are defined by pVT , such that the

analysis regions match with the STXS regions, as described in Section 5.5. Due to the require-

ment that the resolved and boosted analyses be orthogonal, all three leptonic channels require

pVT < 400 GeV. A summary of all the event selections used in this thesis is given in Table 5.3

5.2.1.1 Event selections in the 0-lepton channel

Events were selected that fired the lowest non-prescaled EmissT triggers available during each

data taking period, which varied from EmissT >70 GeV to EmissT >110 GeV. Due to the lower

efficiencies of the EmissT triggers around these threshold values, only events with EmissT > 150

GeV are used in this analysis. This provides an efficiency between 85% and 90% around 150

GeV and essentially 100% above 200 GeV [121]. This results in two pVT regions, 150 < pVT < 250

GeV and 250 < pVT < 400 GeV. There are required to be exactly zero V H-loose leptons, and
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Table 5.1: Definitions of the electrons and muons used in the selections. The identification
criteria are defined in Section 4.2, along with their corresponding isolation requirements.

Lepton Selection pT (GeV) |η| ID dsig0 |∆z0sinθ| (mm)

V H-loose > 7 < 2.47 Loose < 5 < 0.5
Electrons ZH-signal > 27 < 2.47 Loose < 5 < 0.5

WH-signal > 27 < 2.47 Tight < 5 < 0.5

V H-loose > 7 < 2.7 Loose < 3 < 0.5
Muons ZH-signal > 27 < 2.5 Loose < 3 < 0.5

WH-signal > 25 < 2.5 Medium < 3 < 0.5

the candidate Z-boson is defined by the EmissT 2-vector of the event. Therefore, only in the

0-lepton channel is the pVT defined as EmissT .

Due to a slight dependence of the trigger efficiency on the jet activity in an event, a selection

on the scalar sum of the pT of the jets (ST ) is used to remove the regions with lower jet activity

where the mismodelling occurs. These cuts are ST > 120 (150) GeV in the 2- (3-) jet events

respectively. To suppress the multijet background in this channel, which is present due to

large EmissT coming from mostly mismeasured jets, several angular selections have been applied.

These selections take into account the topology of the signal process:

• min[∆φ(Emiss
T , jets)] > 20◦(30◦) for 2 (3) jet events: A minimum is required on the

azimuthal separation between EmissT and the set of all jets in the event.

• ∆φ(Emiss
T ,Hcand) > 120◦: A minimum is required on the azimuthal separation between

EmissT and the Higgs candidate.

• ∆φ(b1,b2) < 140◦: A maximum is required on the azimuthal separation between the two

b-tagged jets used to create the Higgs candidate.

• ∆φ(Emiss
T ,pmissT ) < 90◦: A maximum is required on the azimuthal separation between

EmissT and the missing transverse momentum (pmissT ) calculated only using tracks, and

only those tracks associated to the primary vertex.

5.2.1.2 Event selections in the 1-lepton channel

In the 1-lepton channel, there are two sub-channels, one for the electron and one for the muon

decays of the W bosons. In the electron sub-channel, a single electron trigger with loose ID

quality is applied that requires the electron to have pT > 24 GeV in 2015 data, and pT > 26

GeV in the 2016 to 2018 data. At the analysis level, the electrons are required to satisfy the

WH-signal electron selection, and exactly zero additional V H loose leptons are allowed in the

event. An extra cut of EmissT > 30 GeV is applied in this sub-channel to reduce the amount of
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multijet backgrounds. For the muon sub-channel, the event must pass the same EmissT triggers

used in the 0-lepton channel. A single muon trigger is not used since the EmissT trigger was found

to have a higher efficiency due to the limited coverage of the muon spectrometer, and there is

significant EmissT in the event due to the neutrino produced along with the muon. The muon

is then required to satisfy the WH-signal muon criteria, with exactly zero additional V H-loose

leptons in the event. The 4-vector of the W boson candidate is formed via the summation of the

lepton 4-vectors and the EmissT 2-vector in the event. There are two pVT regions, 150 < pVT < 250

GeV and 250 < pVT < 400 GeV. Currently, the backgrounds are found to be too large in the

75 < pVT < 150 GeV region to still be sensitive to the signal and so it is not used in this thesis.

5.2.1.3 Event selections in the 2-lepton channel

Similar to the 1-lepton channel, there are two sub-channels based on the flavour of the charged

leptons. In the electron sub-channel, the same trigger selections used in the 1-lepton channel

are applied. In the muon sub-channel, a single muon trigger with loose isolation requirements is

used which requires the muon to have a pT that varies from 20 to 26 GeV depending on the year

of data taking. The EmissT trigger is not used since there is expected to be very little EmissT in

this lepton channel. Both electron and muon sub-channels must have exactly two same-flavour

V H-loose leptons, with the leading lepton having pT > 27 GeV. In the muon sub-channel,

the muons must have opposite charges which is not required in the electron sub-channel since

the charge misidentification is significantly larger for electrons. The 4-vector of the Z-boson

candidate is formed by the summation of the 4-vectors of the two leptons in the event, and a

selection on the invariant mass of the two leptons is applied such that 81 < mll < 101 GeV.

These selections suppress the multijet background to negligible values. Due to the larger signal-

to-background ratio in the 2-lepton channel, the 75 < pVT < 150 GeV region is also studied

along with the 150 < pVT < 250 GeV and 250 < pVT < 400 GeV regions, giving three pVT regions.

5.2.1.4 Signal and control region definitions

The work in this section was done by the author.

All the analysis regions defined by the number of leptons, njets and pVT provide 14 analysis

regions (summarised in Table 5.3). Each analysis region is then split into one signal region and

two control regions, resulting in 14 signal regions and 28 control regions. The control regions are

defined using a 2-dimensional cut on the distance between the two b-tagged jets ∆R(b1, b2) and

the pVT of the event. The cuts are dependent on the number of jets and are defined such that

the low control region (CRLow) contains 10% of the diboson events, while the high control

region (CRHigh) contains 5% (15%) of the signal events in the 2 (3/3+) jet regions respectively.
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Table 5.2: The values of the parameters for the function f(pVT ) = a + eb−c×p
V
T used to

classify an event as a signal region event, or one of the control regions. For the CRLow,
∆R(b1, b2) < f(pVT ), while for CRHigh ∆R(b1, b2) > f(pVT ). The values for the different jet pT

selections are shown as well, namely the 20 GeV and 30 GeV selections.

20 GeV parameters 30 GeV parameters
a b c a b c

2-jet CRLow 0.400 0.788 -0.010230 0.389 0.836 -0.010011
2-jet CRHigh 0.870 1.379 -0.007953 0.815 1.391 -0.007221

3-jet CRLow 0.421 0.268 -0.008089 0.402 0.270 -0.007558
3-jet CRHigh 0.763 1.332 -0.007304 0.674 1.293 -0.005880

While the 3-jet CRHigh contains more signal than in the 2-jet regions, the ratio of signal-to-

background is roughly the same between the 2- and 3-jet regions. Per pVT bin, the values of

∆R(b1, b2) that satisfy these requirements are found, and the following function is fit to these

points across the pVT range:

dR = a+ exp(b+ c ∗ pVT ). (5.1)

The 2-dimensional histograms of the signal sample, along with the resultant functions (red

lines), are shown in Figure 5.7 for both the 20 GeV and 30 GeV additional jet pT selections.

The values of the parameters in Equation 5.1 are given in Table 5.2. The sharp cut of the

distribution at ∆R(b1, b2) = 0.4 is due to the jets being reconstructed with a radius of R = 0.4.

The SR lies between the two functions, CRLow is in the lower ∆R(b1, b2) values, while CRHigh

is in the higher ∆R(b1, b2) values. The CRLow is enriched in W+jets events while the CRHigh

is enriched in top and Z+jets events. These are the three dominant backgrounds in the analysis.

The requirement on the diboson background in the CRLow is to ensure there are enough diboson

events left in the SR for the V Z fits. These V Z fits are usually used as cross checks for the V H

fit, but are not used in this thesis. The signal and control regions are defined in the 1-lepton

channel and applied to the other lepton channels, with a minimal effect on the sensitivities in

the other lepton channels. While the 1-lepton channel doesn’t have pVT < 150 GeV in this thesis,

events with 75 < pVT < 150 GeV are used to fit these functions since the 2-lepton channel does

have 75 < pVT < 150 GeV events.

The main difference between the signal and control region definitions between the 20 GeV and

30 GeV jet pT selections is that the function defining CRHigh is slightly higher in ∆R(b1, b2)

for the 30 GeV selections, and so it lets a bit more background into the SR. This is likely due to

the migrated signal events having lower energy and so the b-jets from the Higgs decay are more

separated. What the distributions of the signal in the other lepton channels look like relative to

these functions are shown in Figure 5.9. While the functions obtained from the 1-lepton channel

describe the 0-lepton channel very well, they do not describe the 2-lepton channel as well. In
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(a) (b)

(c) (d)

Figure 5.7: Shown are the two dimensional ∆R(b1, b2) and pVT plots of the signal samples in
the 1-lepton channel at 140 fb−1. Figures (a) and (b) are the 2- and 3-jet regions for the jet pT
selections of 20 GeV, while (c) and (d) are the 2- and 3-jet regions for the jet pT selections of

30 GeV. Also shown are the functions obtained from the fit of f(pVT ) = a + eb−c×p
V
T to obtain

the CRHigh selection (upper red line) and the CRLow selection (lower red line). The SR lies
between the two red lines. The colours in the axis on the right represent the yields.
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the 2-lepton, 2-jet regions, the CRLow boundary is slightly low, resulting in only about 5%

of the diboson events falling in the CRLow. But in the ≥3-jet regions, the CRHigh boundary

is slightly low, getting worse as the pVT increases, resulting in almost 30% of the signal events

falling in the CRHigh for the 250< pVT < 400 GeV region. A comparison of the CR and SR

yields is given Appendix A.2.

To get an idea of what some of the backgrounds look like for this two-dimensional distribution,

they are shown in Figure 5.8 for the 1-lepton, 2-jet events with the jet pT selection of 30

GeV. The single-top backgrounds are not shown as they look very similar to the tt̄ background

distributions. As can be seen, the top backgrounds tend to have larger ∆R(b1, b2) values, while

the diboson background on average has ∆R(b1, b2) values even smaller than the signal. The

W+jets background tends to lower values of ∆R(b1, b2), while the Z+jets background tends to

larger values.

The 42 signal and control regions are all used as inputs to the final likelihood fit, as described

in Section 5.4. This is done to create a signal region enriched in the V H events, while keeping

additional regions enriched in the backgrounds to help constrain the background normalisations

in the final likelihood fit.
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(a) (b)

(c) (d)

Figure 5.8: The two dimensional ∆R(b1, b2) and pVT plots in the 1-lepton channel, showing
the distribution of several backgrounds at 140 fb−1 and the functions of the form f(pVT ) =

a+ eb−c×p
V
T used to define the CRHigh (upper red line) and the CRLow (lower red line). These

plots are of 2-jet events, with the additional jet pT selection of 30 GeV. The samples shown in
these figures are tt̄ in (a), diboson in (b), Z+jets in (c) and W+jets in (d).
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(a) (b)

(c) (d)

Figure 5.9: The two dimensional ∆R(b1, b2) and pVT plots showing the distribution of the

signal samples at 140 fb−1 and the functions of the form f(pVT ) = a + eb−c×p
V
T used to define

the CRHigh (upper red line) and the CRLow (lower red line). Figures (a) and (b) are the 2-
and 3-jet regions for the 0-lepton channel, while (c) and (d) are the 2- and ≥3-jet regions for
the 2-lepton channel. All four plots are using the additional jet pT selection of 30 GeV. As a

reminder, the pVT in the 0-lepton channel is defined as the EmissT .
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5.2.2 Multivariate approach to classification

A conventional method for performing analyses is using a cut-based approach whereby selections

are applied on individual kinematic variables to provide a region with as much signal and as

little background as possible. A simple cut-based approach however does not fully exploit all the

information in an event. Instead, a Multivariate Analysis (MVA) strategy is used to improve

the signal purity and background rejection. This method takes several observables as input,

and using a machine learning technique, outputs a one-dimensional discriminant optimising the

separation between signal and background. In this analysis, the machine learning technique

used is a Boosted Decision Tree (BDT) [122], using the TMVA package of ROOT [123]. While

BDTs don’t always model complex systems as well as Artificial Neural Networks (ANNs), they

are generally simpler and easier to interpret.

5.2.2.1 Boosted Decision Trees

Several observables of an event are fed into a decision tree, which begins at the root node. At

each node, a binary decision is made based on one of the observables, aiming to classify the

event into one of two classes. This process continues, branching at each decision point, until a

specified maximum depth is reached, defined as the longest path from the root to a leaf node.

The choice of the decision applied at each node is based on maximising the separation gain

between nodes, defined as

∆G = Gparent − (Gduaghter1 +Gdaughter2) (5.2)

A common way to calculate the gain is the Gini index:

G = p(1− p), (5.3)

whereby p = s
s+b is the purity. The final nodes of the tree give the probability of the event to

be classified as either signal or background. An example of a single tree can be seen on the left

of Figure 5.10. The dots in the dashed box are the data to be trained on, and the black dots in

the tree are the nodes at which each single binary decision is made.

A single tree can be unstable with a small change in the inputs. Instead, a boosting method can

be used whereby the weights of the misclassified events are increased (boosted) and a new tree

is formed. Again, referring to Figure 5.10, the second box from the left shows the events that

had their weights boosted (blue dots) after the first tree. This is repeated on each new tree until

a maximum number of trees has been reached, which creates a “forest” of trees. The outputs of

all these “weak” classifiers are combined to give a strong classifier. The boosting is controlled by

a loss function which resembles the residual between the actual value and the predicted value.
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Figure 5.10: Diagram illustrating the architecture of a Boosted Decision Tree (BDT) [125].
The coloured dots in the dashed box represent the data to be trained on, while the black dots

in the tree diagram are the nodes at which a single decision is made.

The goal is to minimise the loss function. The learning rate is a parameter that determines

the size of the step taken to minimise the loss function at each iteration of the boosting. An

example of a boosting algorithm, such as the one used in this analysis, is the GradBoost [124]

algorithm, or gradient boosting. Here, after increasing the weights of the events with larger

residuals, the outputs of the weak learners are combined as a weighted sum to represent the

model response. A gradient descent procedure is then used to determine the steps taken to

reduce the loss function by calculating the steps proportionally to the negative gradient of the

loss function. A problem that machine learning algorithms face is known as overtraining. This

is when the machine learning algorithm over-fits to the training data, predicting the results very

well in the training set but when evaluated on a different set, performs poorly. One way to check

if this has happened is to evaluate the performance of the algorithm using the Receiver Operator

Curve (ROC). This curve is created by plotting the signal acceptance against the background

rejection while various thresholds are applied to the algorithm’s discriminant score. One of the

ways to estimate the performance of the ROC is to use the area under the curve. If the area of

the curve is 1, there is perfect background rejection independent of what the signal efficiency

is, which is the best outcome to have. An area of 0.5 means the algorithm can’t differentiate

between background and signal, which is the worst outcome. Comparing the ROC curves of

a machine learning algorithm evaluated on the training set and the test set, if the area under

the curve is very similar then there is no overtraining. However, if the area for the test set is

significantly smaller, this usually implies overtraining has occurred. Typically, a dataset would

be split in half, with one half being used for the training of the machine learning algorithm, and

the other half is used as the dataset that is being studied. Of the training dataset, about 80%
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Figure 5.11: Diagram illustrating the architecture of a Deep Neural Network (DNN). On the
left is the structure of the entire neural network. On the right is a zoomed in view of one of the

nodes to show how the weights, biases and activation functions are applied.

is used to do the training, while the other 20% is used to test the algorithm. Since only half

the dataset is being evaluated with this method, two algorithms are trained. One algorithm

is trained on the first half and evaluated on the second half of the dataset, while the other

algorithm is trained on second half and evaluated on the first half of the dataset.

5.2.2.2 Deep Neural Networks

The use of a Deep Neural Network (DNN) in this thesis is for classifying nominal samples from

alternative samples when calculating systematic uncertainties, as described in Section 6.2.3.1.

Instead of applying multiple binary cuts on different variables like a BDT, DNNs (a type of

ANN) use a brain-inspired architecture, allowing them to model more complex patterns in the

data. There are multiple layers of nodes, with each node connected to every node in the previous

and following layers. A diagram illustrating a DNN is shown in Figure 5.11. The input layer is

the first layer and takes in the features that are used to classify the events. The next layer is

called the hidden layer, and may consist of multiple layers, with the Deep in DNN referring to

multiple hidden layers. Each node j per layer receives the output xi from each of the nodes i in

the previous layer, multiplied by a weight wij specific to the connection between node i and node

j. Those weighted values are then summed and a bias value bj , specific to node j, is added to

that sum, producing a new value ŷj =
∑

(wixi) + bj . To introduce non-linearity into the matrix

defining the neural network, this weighted sum is passed to a non-linear activation function. In

the case of the Rectified Linear Unit (ReLU) function [126], the output will be a value of 0 if

ŷj < 0 and ŷj if ŷj > 0. The output of the activation function is the input to the nodes in

the next layer. The number of nodes in the output layer will depend on how many categories

are being differentiated. As an example, for the DL1r flavour tagging algorithm introduced

in Section 4.3.3, there are three outputs for the three flavours that a jet can be tagged as.

The output of the final layers are passed to an additional activation function, e.g., the softmax
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function pc = ezc/Σezc [127], where the outputs zc are converted to probabilities pc for each

category c. When training the DNN, supervised learning is performed, and a cross-entropy loss

function is used to measure how far off the neural network’s guess is compared to the actual

value. A back-propagation algorithm is then used to optimise the neural networks weights and

biases by minimising the loss function.

5.2.3 Input variables to signal vs background BDT classifier

To ensure an unbiased result, the BDT used for the MVA is trained and evaluated on separate

simulated events. One training is performed using odd (even) event-numbered MC events and

then evaluated on the even (odd) events respectively. The final BDT distribution is then addi-

tion of the odd and even event distributions. Due to the different kinematics and background

compositions in the different signal regions, different MVAs are trained in separate regions

depending on the lepton channel and number of jets. Additionally, in the 2-lepton channel, sep-

arate BDTs are trained for the 75 GeV< pVT < 150 GeV and pVT > 150 GeV regions. Although

the BDTs are only applied in the signal regions, they are trained inclusively of the signal regions

and the low and high control regions to increase the statistics. This gives 8 BDTs for the 14

signal regions.

The input variables used for the BDTs are slightly different between each lepton channel and are

summarised in Table 5.4. The variables common to all three lepton channels are: The invariant

mass of the two b-tagged jets mbb, the (η−φ) distance between the two b-tagged jets ∆R(b1, b2),

the transverse momentum of the leading (sub-leading) b-tagged jets pb1T (pb2T ), the transverse mo-

mentum of the vector boson candidate pVT , the φ distance between the vector boson candidate

and the Higgs boson candidate ∆φ(V,H), the binned distribution of the DL1r b-tagging score of

the leading (sub-leading) b-tagged jets, named binned DL1r(b1) (binned DL1r(b2)), as defined

by the pseudo-continuous tagging. The common variables that are only used in 3-jet events are:

The transverse momentum of the third jet pj3T , the invariant mass of the two b-tagged jets and

the third jet mbbj .

The 0-lepton specific variables are: The η distance between the two b-tagged jets |∆η(b1, b2)|,
scalar sum of EmissT and the pT of the jets Meff , the vectorial sum of the pT of all the tracks as-

sociated to the primary vertex but not associated to any reconstructed object is the track based

soft EmissT term. The 1-lepton specific variables are: missing transverse momentum EmissT , the

minimum φ distance between the charged lepton and the b-tagged jets min[∆φ(`, bi)], the trans-

verse mass of the W boson candidate mW
T =

√
2p`TE

miss
T (1− cos(∆φ(`, EmissT ))), the distance

in rapidity between the W boson candidate and the Higgs boson candidate ∆Y (W,H), the

reconstructed mass of the leptonically decaying top quark mtop. The 2-lepton specific variables

are: The quasi-significance of EmissT defined as EmissT /
√
ST (with ST being the scalar pT sum

of the charged leptons and jets) is EmissT significance, the pseudo-rapidity distance between the
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Table 5.4: Summary of the variables used to train the BDT MVA per lepton channel

Variable 0-Lepton 1-Lepton 2-Lepton

mbb X X X
∆R(b1, b2) X X X

pb1T X X X
pb2T X X X
pVT X X X

∆φ(V,H) X X X
binned DL1r(b1) X X X
binned DL1r(b2) X X X
|∆η(b1, b2)| X
Meff X

track based soft EmissT term X
EmissT ≡ pVT X

min[∆φ(`, bi)] X
mW
T X

∆Y (W,H) X
mtop X

EmissT significance X
∆η(V,H) X
m`` X

cosθ(l−, Z) X

Only in 3-jet events

pj3T X X X
mbbj X X X

Z boson candidate and the Higgs boson candidate ∆η(V,H), the invariant mass of the two

charged leptons m``, the Z boson polarisation defined as the cosine of the polar angle between

the negative lepton direction in the rest frame of the Z boson and the direction of the Z boson

in the laboratory frame is cosθ(l−, Z).

The variables ∆Y (W,H) and mtop are calculated assuming the transverse component of the

neutrino is defined by EmissT and the longitudinal component is defined by applying a W -mass

constraint on the lepton-neutrino system. The mtop variable is then calculated assuming a top

quark decay and calculating the invariant mass of the lepton, reconstructed neutrino and the

b-tagged jet that gives the lowest mass value.

The hyper-parameters used in the training of the BDTs used in this analysis are summarised

in Table 5.5.
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Table 5.5: Hyper-parameters used for the BDT MVA trainings

TMVA Setting (definition) Value and definition

BoostType (Boost procedure) GradBoost
Shrinkage (Learning rate) 0.5

SeparationType (Node separation gain) Gini index
PruneMethod (Pruning method) None

NTrees (Number of trees) 200 (600 for 1-lepton)
MaxDepth (Maximum tree depth) 4

nCuts (Number of cuts tested per variable per node) 100
nEventsMin (Minimum percentage of total events in a node) 5%

5.2.4 BDT bin optimisiation

Since the distributions of the signal and background BDT scores are binned, the choice of binning

will affect the amount of separation between signal and background. It is possible to exploit

the fact that the bins with the lower BDT scores are dominated by background and deplete in

signal, and the bins with the higher BDT scores have a large signal to background ratio. The

binning of the BDT distributions can be altered using a method known as Transformation D.

The defining equation for this transformation is:

Z = zs
ns
Ns

+ zb
nb
Nb

(5.4)

The values for zs and zb can be varied, and they define the number of new “signal” and “back-

ground” bins, with the total number of new bins being zs + zb. The values for this analysis,

chosen to keep the MC statistical uncertainty below 20%, are zs = 10 and zb = 5 for the

pVT < 250 GeV regions, and zs = 5 and zb = 3 for the 250 < pVT < 400 GeV regions. Larger

values for zs provide finer binning at larger BDT values where the signal-to-background ratio is

higher. The variables Ns (Nb) are the total number of signal (background) in the distribution,

while ns (nb) are the number of signal (background) in a given interval I. The transformation

is an iterative process and proceeds as follows, starting with many narrow, equidistant bins:

Starting at the bin with the largest BDT score, increase the interval I by adding one after the

other the next bin on the left, and recalculate Z after the addition of each bin. Once Z > 1 and

the statistical uncertainty is < 20%, combine all the bins in I into one bin. Then repeat this

process, starting with the first bin to the left of the new merged bin until all the bins have been

merged into new bins. Although the bins will be of varying widths, for illustrative purposes

they are plotted as bins of equal widths. This means the bins no longer represent the BDT

scores shown on the plots, but this has no impact on the likelihood fit since it doesn’t care what

the exact values of the bins are. An example of this transformation before and after using bins

of equal widths is given in Figure 5.12.
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(a) (b)

Figure 5.12: An example of the BDT distribution from the 0-lepton, 2-jet, 150 GeV< pVT <
250 GeV signal region immediately after the BDT transformation (a) and after the BDT trans-
formation but with equidistant binning (b). Both plots are using pre-fit data. The upper legend

shows the different samples with their corresponding yield, or some-of-weights (SoW).

5.3 Data and simulated samples

The data used in this analysis corresponds to pp collisions at a centre-of-mass energy of
√
s = 13

TeV. The data were collected by the ATLAS experiment at the LHC during the data taking

periods of 2015-2018 and correspond to the full Run-2 dataset. Events were selected that were

deemed of high enough quality for physics analyses. This dataset equates to a total integrated

luminosity of L = 140.1± 1.2 fb−1 [128][79].

MC simulated events are used to model most of the backgrounds from SM processes and the

V (H → bb̄) signal processes. For the nominal signal processes, the MC generator Powheg-

Box V2 [129] + MiNLO [130] was used to model the hard scatter with the NNPDF3.0NLO

PDF [131] and the AZNLO [132] set of tuned parameters. The cross-section was calculated at

NNLO(QCD)+NLO(EW) with the mass of the Higgs boson fixed at 125 GeV. For the gg → ZH

sample only, the cross-section was calculated at NLO+NLL. The parton showering was modelled

using Pythia 8.212 [133].

The nominal single-top and pair-produced-top samples were modelled with Powheg-Box V2

with the NNPDF3.0NLO PDF and A14 [134] set of tuned parameters. The cross-sections were

calculated at NNLO+NNLL for tt̄, NLO for the s- and t-channel single-top and approximate

NNLO for the Wt-channel, all with the mass of the top-quark fixed at 172.5 GeV. The parton

showering was modelled using Pythia 8.230. Only the leptonic and semi-leptonic top-quark

decays are included. The Wt-channel processes are produced using the Diagram Subtraction
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Table 5.6: The nominal MC generators used to simulate the signal and background processes.
All three lepton flavours are taking into consideration when the samples are generated. The
order of the cross-section calculations apply to the expansion of the strong coupling constant αs,
unless otherwise specified. ME, PS and UE are acronyms for Matrix Element, Parton Shower
and Underlying Event respectively. (a) The events were generated using the first PDF in the
NNPDF3.0NLO set and then reweighted to the PDF4LHC15NLO [140] set. (b) The pp→ ZH
cross-section calculation includes both qq- and gg-induced productions, so the qq → ZH process
is normalised using the pp→ ZH cross-section after subtracting the gg → ZH contribution.

Process ME Generator ME PDF PS and UE Model Cross-Section Order
Hadronisation Tune

Signal. Mass set to 125 GeV and bb̄ branching fraction set to 58%

qq →WH → lνbb̄ Powheg-Box V2 + NNPDF3.0NLOa Pythia 8.212 AZNLO NNLO(QCD)+
MiNLO NLO(EW)

qq → ZH → (νν/ll)bb̄ Powheg-Box V2 + NNPDF3.0NLOa Pythia 8.212 AZNLO NNLO(QCD)b+
MiNLO NLO(EW)

gg → ZH → (νν/ll)bb̄ Powheg-Box V2 NNPDF3.0NLOa Pythia 8.212 AZNLO NLO+NLL

Top quark. Mass set to 172.5 GeV

tt̄

Powheg-Box v2 NNPDF3.0NLO Pythia 8.230 A14

NNLO+NNLL
s-channel single-top NLO
t-channel single-top NLO

Wt Approximate NNLO

W/Z + jets

W → lν
Sherpa 2.2.1 NNPDF3.0NNLO Sherpa 2.2.1 Default NNLOZ/γ∗ → ll

Z → νν

Diboson

qq →WW

Sherpa 2.2.1 NNPDF3.0NNLO Sherpa 2.2.1 Default NLO
qq →WZ
qq → ZZ
gg → V V

(DS) method [135]. This method includes a gauge invariant subtraction term that locally can-

cels the tt̄ contribution to the matrix element calculations, since there are some interference

effects from tt̄ processes in Wt calculations.

The nominal V+jets and diboson samples were modelled using Sherpa 2.2.1 [136] with the

NNPDF3.0NNLO PDF and default set of tuned parameters. The cross-sections were calculated

at NNLO for V+jets and NLO for diboson. Sherpa was also used to model the parton show-

ering.

All simulated events were passed through a Geant4 [87] simulation of the ATLAS detector [88],

as described in Section 3.2.5. The effects of pileup were modelled by overlaying minimum bias

events simulated with the soft QCD processes of Pythia 8.186 with the A3 [137] set of tuned

parameters and the NNPDF2.3LO [138] PDF. For all the non-Sherpa generated samples, the

EvtGenv1.6.0 program [139] was used for the decays of the bottom and charm hadrons. A

summary of all the MC generators used for this analysis is given in Table 5.6.
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5.3.1 Data-driven background modelling

The work in this section was performed by the author.

While most of the backgrounds are modelled using MC simulations, other backgrounds are

modelled using data-driven techniques. These processes are usually poorly modelled by the MC

generators and so require a data-driven estimation. Another case is if applying selections results

in a region that is pure in a certain background, then the data from that region can be used

instead of the MC since it will have less associated uncertainties.

5.3.1.1 Data-driven top background estimation

In the earlier rounds of the V H → bb̄ analysis, before the previous round, the top (tt̄ and single-

top Wt) modelling uncertainties were found to be a limiting factor in the STXS measurements.

Due to this, a data-driven approach to the top backgrounds in the 2-lepton channel was im-

plemented. Using the nominal selections but requiring opposite flavour leptons instead of same

flavour leptons, we obtain a region that is over 99% pure in tt̄ and single-top Wt events. This

region is therefore called the eµ-control region, or eµ-CR. Since the purity of top events in the

eµ-CR is so high, the data in the eµ-CR can be considered as representing the top processes.

In the tt̄ and Wt processes, the reconstructed vector boson usually represents a single W boson

in the 1-lepton channel and an unknown origin due to EmissT in the 0-lepton channel. In the

2-lepton channel however, the leptons are almost always taken from two different W bosons.

This provides a lepton-flavour symmetry in the 2-lepton channel between the analysis regions,

containing events where the W bosons decay to ee or µµ, and the eµ-CR, where the W bosons

decay to eµ or µe. This flavour symmetry, along with the purity of the top processes in the

eµ-CR allows for the data in the eµ-CR to be directly used in the analysis regions, without

the need of any uncertainties other than the dominant statistical contributions. The eµ-CR

data is therefore used to represent the 2-lepton top processes in the likelihood fit instead of

the MC simulated top samples. The data-MC plots of the BDT distribution in the eµ control

region are shown in Figure 5.13. As can be seen, the tt̄ and single-top backgrounds account for

almost all the data. Any biases between the analysis regions and eµ-CRs due to the difference

in acceptances, reconstruction or triggers are determined by taking the ratio of the MC top

background yield in the analysis regions to the MC yield in the eµ-CR, and applying this as a

scale factor. This scale factor was found to agree with the value of 1 within uncertainty. So while

the data-driven top estimate reduces the impact of the uncertainties from the modelling of the

top processes in simulation, we are still reliant on the simulation in estimating this data-driven

sample. Validation studies performed for the previous round of this analysis [24] showed that

the shapes of the nominal selection top backgrounds agreed within statistical uncertainty of the
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(a) (b)

(c) (d)

Figure 5.13: The data-MC plots of the BDT distribution in the eµ control region, inclusive of
the three pVT regions. Figures (a) and (b) are the 2- and ≥3-jet regions for the jet pT selections
of 20 GeV, while (c) and (d) are the 2- and ≥3-jet regions for the jet pT selections of 30 GeV.
The bottom panels in each plot show the data minus top contribution, all divided by the top
contribution. The upper legend shows the different samples with their corresponding yield, or

some-of-weights (SoW).

shapes in the eµ-CR. More information relating to the uncertainties of this region are defined

in Section 6.2.7.1.

5.3.1.2 Nominal multijet estimation

The cross-section for the production of multijet (MJ) events due to QCD processes at the

LHC is large, and thus can potentially contribute to the backgrounds in this analysis despite

having no genuine EmissT or prompt leptons. These events can pass the analysis selections if

a jet is misreconstructed as a lepton, or non-prompt leptons coming from weak decays are
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misreconstrcted as prompt leptons. Due to the topology of the 2-lepton channel, and the anti-

QCD cuts applied in the 0-lepton channel, MJ events are negligible in thse regions. However, in

the 1-lepton channel, MJ events occur on the percent level. Due to the amount of events needed

to simulate MJ events in this analysis and the fact that simulation doesn’t reproduce fake lepton

events accurately enough, a data-driven technique is used to estimate the MJ contribution via a

template method. A MJ control region (MJ-CR) is created from data for each lepton flavour (e,

µ), number of jets (two and three), and is inclusive of pVT (150 < pVT < 400 GeV) as well as SR

and CRs. The MJ-CRs have the same selections as the signal region, except the lepton isolation

cuts, as defined in Table 5.1, are inverted. Due to limited events in these CRs, the requirement

on the number of b-tagged jets is relaxed from exactly two to exactly one. The distribution

of the W -boson candidate transverse mass mW
T is used for the template since it provides the

best discrimination between MJ events and the other simulated backgrounds, as found in the

previous round of the analysis [24]. Within the MJ-CRs, the simulated background samples are

subtracted from the data to obtain a data-driven estimate of the shape of the MJ contribution,

providing a MJ template. Fits of the backgrounds to the data using the mW
T distribution in the

2-tag, isolated regions corresponding to each MJ-CR are then performed, using the MJ template

to represent the MJ shape. In the mW
T distribution, there is very little separation between the

top and W+jets backgrounds. To improve the discrimination between these two simulated

backgrounds in the MJ fit, a W+jets heavy flavour (W+hf) enriched region is defined, using

the selection mBB < 75 GeV and mtop > 225 GeV. The mass of the top-quark candidate mtop

is defined in Section 5.2.3. The W+hf depleted region (mBB > 75 GeV or mtop < 225 GeV) is

used to create the mW
T distribution, while the events from the W+hf enriched region are added

as a single bin to the end of the mW
T distribution. The MJ fit is then performed using this new

distribution.

This MJ fit simultaneously extracts the normalisations of the W+jets, top (tt̄ and s-top) and

MJ backgrounds, while the other simulated backgrounds have their normalisations fixed to their

predictions. The MJ normalisation is used to obtain a scale factor (SF = post-MJ-fit yield
pre-MJ-fit yield ) that

scales the MJ templates from the MJ-CRs to the normalisation expected in the analysis regions,

for any variable under study. These scaled MJ templates are then used as the MJ estimate in

the final likelihood fit. The normalisations of the W+jets and top backgrounds are used in the

systematic uncertainty calculations, as described in Section 6.2.7.2.

The post-MJ-fit plots for both the 20 GeV and 30 GeV jet pT selections are shown in Figure 5.14

for the electron contributions, and Figure 5.15 for the muon contributions. The corresponding

yields and scale factors are shown in Table 5.7. The electron channel is by far the dominant

contributor to the MJ background, with the 3-jet regions contributing the most. The muon

channel has a very small MJ contribution, going to zero in the 3-jet region of the 30 GeV jet

selection. This contrasts with the other regions where the 30 GeV jet selection regions have a

larger absolute MJ contribution compared to the 20 GeV jet selection regions. Additionally, the

2-jet electron channel is the only region where the percentage of MJ in the background increases
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(a) (b)

(c) (d)

Figure 5.14: The post-fit plots of the MJ fit for the electron channel. Figures (a) and (b)
are the 2- and 3-jet regions for the jet pT selections of 20 GeV, while (c) and (d) are the 2- and
3-jet regions for the jet pT selections of 30 GeV. The final bin in each plot is the W+hf enriched
region. The ratio plots show the difference between the data and the backgrounds, normalised
by the backgrounds. The top contribution combines the tt̄ and single-top samples, while the

“other” consists of the diboson, Z+jets and signal samples.

when tightening the jet pT selection. This may be due to the electron channel having more fake

low-pT jets due to misreconstructed electrons.

As mentioned above, the MJ templates are obtained in a control region where nbjets=1. However,

the final maximum likelihood fit uses an BDT distribution for the SRs which is trained on events

that have nbjets=2. The tagged jets’ pseudo-continuous b-tagging (PCBT) bin is used as an input

to the BDT (see Section 4.3.3.1 for more on PCBT). To overcome the lack of a second tagged

jet, the values of the PCBT bin scores for all the events in the MJ-CR are probabilistically

assigned based on the PCBT bin distributions of the data in the 2-tagged, isolated regions. If

a jet passes the b-tagging requirement, it will either fall into the 70%-60% b-tagging efficiency
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(a) (b)

(c) (d)

Figure 5.15: The post-fit plots of the MJ fit for the muon channel. Figures (a) and (b) are
the 2- and 3-jet regions for the jet pT selections of 20 GeV, while (c) and (d) are the 2- and
3-jet regions for the jet pT selections of 30 GeV. The final bin in each plot is the W+hf enriched
region. The ratio plots show the difference between the data and the backgrounds, normalised
by the backgrounds. The top contribution combines the tt̄ and single-top samples, while the

“other” consists of the diboson, Z+jets and signal samples.

PCBT bin, or the 60%-0% bin. For the input variables to the BDT, these bins correspond

to the value of 4 and 5 respectively. Since each of the two b-tagged jets can fall into one of

these two PCBT bins, there is a total of four possible combinations of PCBT scores per event.

The probability distribution of the PCBT bins in the 1-lepton, 2-tag regions of the data events

are shown in Table 5.8. Here, b1 is the b-tagged jet with the highest pT , while b2 is the other

b-tagged jet. The subscripts indicate which PCBT bin they fall into. These probabilities are

used to randomly assign the PCBT bin scores to the tagged jet and the highest pT non-tagged

jet in the events in the MJ-CR, so that a BDT score can be obtained for those events.
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Table 5.7: The yields, percentage of the total background, and the scale factors (SF) obtained
from the MJ fit. The values for the different jet pT selections are shown as well, namely the 20

GeV and 30 GeV selections.

Region Bkg Yield % of Total SF
20 GeV 30 GeV 20 GeV 30 GeV 20 GeV 30 GeV

2-jet, e
Top 6242 13558 71.6 76.4 0.945 0.956

W+jets 1983 3034 22.8 17.1 1.248 1.211
MJ 174 638 2.0 3.6 0.030 0.060

2-jet, µ
Top 7463 16083 71.2 77.8 0.967 0.985

W+jets 2509 3773 24.0 18.2 1.212 1.174
MJ 39 91 0.4 0.4 0.003 0.004

3-jet, e
Top 41792 80019 88.9 92.2 0.931 0.953

W+jets 3891 5227 8.3 6.0 1.145 1.168
MJ 768 859 1.6 1.0 0.08 0.078

3-jet, µ
Top 48452 91747 88.7 92.3 0.924 0.944

W+jets 5388 6691 9.9 6.7 1.228 1.179
MJ 4 0 0.0 0.0 0.000 0.000

Table 5.8: The probabilities, in percent, of an event in the 1-lepton, 2-tag regions of data
containing the highest pT b-tagged jet (b1) and the other b-tagged jet (b2) falling in the PCBT
bin of 4 or 5. The regions are split by the number of jets (two or three) and the flavour of the
lepton (e or µ). The values for the different jet pT selections of 20 and 30 GeV are shown as

well.

2-jet, e 3-jet, e 2-jet, µ 3-jet, µ
b14 b15 b14 b15 b14 b15 b14 b15

20 GeV
b25 11.79 67.01 18.09 64.04 16.55 62.79 14.64 61.90
b24 4.01 17.20 3.39 14.48 4.99 15.68 4.26 19.21

30 GeV
b25 16.08 62.06 18.55 63.75 15.23 61.68 15.43 59.00
b24 3.58 18.28 4.52 13.17 5.74 17.36 3.99 21.58
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5.4 Maximum profile likelihood estimation

The signal strength is calculated using a binned maximum profile likelihood fit to data across

all 14 signal and 28 control regions simultaneously. In particular, the fit to the signal regions

is done using a transformed BDT output, while single-bin distributions are used in the control

regions to constrain the background yields. The signal strength is defined as the ratio of the

signal yield extracted from the likelihood fit, divided by the SM expectations of the production

cross-section multiplied by the Higgs boson branching ratio to bb̄:

µV H =
[σV H × BR(H → bb̄)]measured

[σV H × BR(H → bb̄)]theory
. (5.5)

The likelihood is constructed as the product over all the bins of the Poisson probability to

observe ni events in bin i when N exp
i events are expected in bin i:

Lpoisson =
∏
i∈bins

(N exp
i )ni

ni!
eN

exp
i . (5.6)

The number of expected events can be expanded into the signal si and background bi components

as:

N exp
i = µ · si +

∑
j∈bkg

kj · bi,j . (5.7)

The kj are the scale factors (or normalisations) for each background component, similar to

what µ is for the signal. Since the signal strength is what we want to extract from the fit, the µ

parameter is often called the Parameter of Interest (PoI). All the other parameters are known as

Nuisance Parameters (NPs). Systematic uncertainties enter the likelihood as αk, where each αk

is modelled as a Gaussian distribution and acts as a penalty term (constraint) to the likelihood,

of the form:

Lsyst =
∏
k∈NP

1√
2πσk

exp−(αk − α0k)
2

2σk
(5.8)

Here, αk is the parameter to be fitted, while α0k and σk are the central value and uncertainty

assigned to the parameter k before the fit is performed. Often for convenience, the central value

is assumed to be zero α0k = 0 with an uncertainty of unity σk = 1, thus expressing the NPs in

units of σk. This method of defining the NPs allows for easier interpretation of the NPs in the

fit.

Due to the limited number of MC simulated events, the statistical uncertainties on the MC

backgrounds are also considered in the likelihood [141]. These uncertainties enter as Poisson

defined NPs with expected background events Bi and observed events bi, and take the form:

Lstat =
∏
i∈bins

(Bi)
bie−Bi

Γ(bi + 1)
(5.9)
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The Poisson is modified with a Gamma function instead of a factorial since in Monte Carlo

the number of events may not be integer values. The expected background yield is defined as

Bi = γibi, where the γi are the NPs. Since there is only one γi per bin, it represents the total

background in that bin.

The resultant likelihood is the product of all three likelihoods, and looks like:

L(µ,α,γ) = Lpoisson(µ,α,γ)× Lsyst(α)× Lstat(γ) (5.10)

The values of µ and σµ are obtained by maximising the likelihood function L(µ,θ) with respect

to all the parameters. Here θ represents all the NPs other than the signal strength. However,

to test a certain hypothesis for µ, a likelihood ratio is created to be a test statistic[142]:

λ(µ) =
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
, (5.11)

where µ̂ and θ̂ are the parameters that maximise the likelihood, while
ˆ̂
θ maximises the likelihood

for a given value of µ. Usually, a fit is first done to test the background-only hypothesis µ = 0

(the null hypothesis) against the alternative hypothesis where µ > 0. If the null hypothesis

cannot be rejected, i.e., µ̂ is not significantly far away from 0, then the null hypothesis is

changed to assume the alternative hypothesis is true (µ = 1) and an exclusion fit is performed

using the CLs method[143]. A more convenient way to represent the test statistic is as a negative

log:

tµ = −2 log λ(µ). (5.12)

Instead of maximising the likelihood, we can minimise the log-likelihood tµ. In this case, the

data is more likely to represent the hypothesis the closer tµ is to zero, with the minimum giving

the best fit value for µ. The upper and lower uncertainties on µ, σ+
µ and σ−µ , can then be found

by taking the difference between µ̂ and the µ values above and below µ̂ respectively that result

in tµ = 1.

Assuming the null hypothesis to be true, tµ will be asymptotically distributed as a chi-square

with one degree of freedom, as according to Wilk’s theorem [144]. Therefore, to measure an

approximate p-value, we can compare the value of t0 to the chi-square value, giving the formula:

p0 =

∫ ∞
t0,obs

f(t0|µ) dt0. (5.13)

The observed value t0,obs comes from the data and f(t0|µ) is the probability density function of

t0 under the assumption of the chosen value of µ, in this case µ = 0. The p-value is interpreted

as the probability, assuming the null hypothesis is true, that the given data is incompatible

with the null hypothesis. Thus, if the p-value is below some threshold, the null hypothesis can

be rejected. Assuming normal distributions, the p-value can be converted to a significance Z



Event selection and statistical treatment of the V H → bb̄ resolved analysis 86

using:

Z = Φ−1(1− p0), (5.14)

where Φ−1 is the inverse of the cumulative distribution of a standard Gaussian. In particle

physics, a threshold of Z = 3σ (p0 = 0.003) is considered for evidence, and Z = 5σ (p0 =

2.87× 10−7) for discovery of a hypothesis.

Before performing a likelihood fit on the actual data, tests need to be done to make sure the

analysis setup and systematics correctly describe what is happening. To do this without using

the actual data, a representative dataset is used, known as the Asimov dataset. The Asimov

dataset is created from the likelihood by using the nominal values of the NPs and setting the

yields to those expected from the simulations. Using Wilk’s theorem and the central-limit

theorem, for a large number of events,
√
t0 is distributed as a Gaussian and the significance

can be represented as Z =
√
t0. For Gaussian counting, this reduces to Z = Ŝ√

B
, where Ŝ

is the maximum likelihood estimator for the signal. However, assuming Poisson counting, the

significance reduces to [142]:

Z =

√√√√2

(
(Ŝ +B) log

(
1 +

Ŝ

B

)
− Ŝ

)
. (5.15)

5.5 STXS V H → bb̄ signal parametrisation

For the theoretical background and overview of the STXS framework, please see Section 2.5.1.

Within the STXS framework, the bins are defined by truth level definitions of the final state

objects. The Higgs boson is assumed to be produced on-shell and has a global cut on the

rapidity of the Higgs of |YH | < 2.5 applied across all the bins. This cut is applied since the

current experiments have no sensitivity outside of this range. The vector bosons are defined by

summing all the products of their leptonic decays, including the neutrinos. The electrons and

muons have all the final state radiation photons added back to the lepton and no restrictions

are applied on the transverse momentum or rapidity of the leptons. The pT of the truth vector

bosons is defined as pV,truthT . The truth jets are reconstructed as anti-kT jets with a radius of

R = 0.4 and using all stable particles originating from the hadron decay chains. This excludes

all the decay products from the Higgs boson and leptonically decaying vector bosons, as these

are already used to define the Higgs and vector bosons respectively. The truth jets have no

restrictions on their rapidity but must have pT > 30 GeV. This pT cut is to help reduce the

number of jets coming from pileup interactions when applied in the reconstruction level. With

these jet definitions, as opposed to the reconstruction level, the number of jets per STXS region is

defined as the number of jets additional to the two jets created by the two b-quarks originating

from the Higgs boson decay, from here on referred to as naddjets. Hence, an event that passes

all the analysis cuts and has nbjets=2 with no other jets would be considered a 2-jet event at
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reconstruction level, but naddjets=0 at the STXS level.

The possible STXS bins for the (V → leptons)H production are shown in Figure 5.16. Due to

a limited fiducial volume, not all the pV,truthT bins can be studied. And due to limited statistics,

some of the smaller bins have to be combined into larger bins. The signal strengths calculated

in each STXS bin being studied enter the likelihood fit as a nuisance parameter, and since they

are the parameters we are interested in calculating, they are known as Parameters of Interest

(PoI). The scheme used in the previous round of the V (H → bb̄) resolved analysis [24] was the

5 PoI scheme, where the bins are:

• WH, 150 <pW,truthT < 250 GeV, naddjets≥ 0: Combines the naddjets bins for the qq̄ → WH

process for 150 <pW,truthT < 250 GeV

• WH, 250 <pW,truthT < 400 GeV, naddjets≥ 0: Combines the naddjets bins for the qq̄ → WH

process for 250 <pW,truthT < 400 GeV

• ZH, 75 <pZ,truthT < 150 GeV, naddjets≥ 0: Combines the naddjets bins for the combined qq̄ →
ZH and gg → ZH processes for 75 <pZ,truthT < 150 GeV

• ZH, 150 <pZ,truthT < 250 GeV, naddjets≥ 0: Combines the naddjets bins for the combined

qq̄ → ZH and gg → ZH processes for 150 <pZ,truthT < 250 GeV

• ZH, 250 <pZ,truthT < 400 GeV, naddjets≥ 0: Combines the naddjets bins for the combined

qq̄ → ZH and gg → ZH processes for 250 <pZ,truthT < 400 GeV

All the bins with pV,truthT > 400 GeV are studied in the boosted analysis. All the bins in Figure

5.16 not mentioned in this list have their cross-sections set to the SM values and act as back-

grounds in the fit. For this thesis, an extension to this 5 PoI scheme is studied whereby each of

the 5 STXS bins are split by naddjets into the naddjets= 0 and naddjets≥ 1 bins, creating 10 bins (10 PoI

scheme). This extension is to expand the measurement of the previous round, providing new

regions to calculate the signal strengths and possibly further increase the sensitivity to certain

BSM effects. However, the statistical limits will be pushed in some of the new STXS PoI scheme

bins.

The implementation of the STXS framework within the likelihood fit is done through a combi-

nation of both the analysis regions defined in Section 5.2, and the STXS regions defined above.

Since the STXS regions are defined using the truth record of the Higgs boson’s decay, only the

signal samples will have both analysis and STXS regions, while the background samples are

only defined by the analysis regions. Each signal event is therefore categorised into an analysis

region by using the reconstruction level observables, and categorised into the STXS regions by

using the truth level observables as shown in Figure 5.16, i.e., the generated production mode,

the pV,truthT and naddjets. The signal events are then assigned to one of the POIs, as defined above,

based on their STXS region. Therefore, each analysis-defined signal region does not have one
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qq̄′ → WH

0-jet 1-jet ≥ 2-jet

gg → ZH
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Figure 5.16: Diagram illustrating the bins STXS bins in the V H analysis as part of the stage
1.2 STXS framework [22].

POI representing the signal in that region but rather has multiple STXS based POIs represent-

ing the signal in that region. The analysis regions will however have a particular POI that it

correlates to the strongest, where the pVT and number of jet definitions match closest between

the analysis region and the STXS region. As an example, the signal in the 2-jet, 150 <pVT < 250

GeV regions will be dominated by the signal that falls in the naddjets= 0, 150 <pV,truthT < 250

GeV STXS region. Additionally, the lepton channels target the POIs based on the production

mode. The WH POIs are targeted by the 1-lepton channel, the ZH POIs for pVT > 150 GeV

are targeted by both the 0- and 2-lepton channels, while the ZH, 75 <pV,truthT < 150 GeV POIs

are targeted by only the 2-lepton channel. Due to the misreconstruction of some leptons and

jets however, the 0-lepton channel also has a significant amount of the WH signal.

There are three different STXS schemes studied in this thesis. The 5 and 10 POI STXS schemes

defined above, and the 2 POI STXS scheme where the two STXS bins are the pV,truthT and naddjets

inclusive WH and ZH regions. A summary of these regions is shown in Table 5.9.
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Table 5.9: The three main STXS fit POI schemes shown in this thesis and what selections
are used to define them. Each successive column shows the additional selections applied to the
region in the column before it. The first column is a selection on the production, the second
column is an additional selection on the transverse momentum of the vector boson (pVT ), and
the third column is an additional selection on naddjets. Since these are STXS regions, the selections

are applied at truth level.

2 POI 5 POI 10 POI

WH

150 ≤ pW,truthT < 250 GeV
naddjets= 0

naddjets≥ 1

250 ≤ pW,truthT < 400 GeV
naddjets= 0

naddjets≥ 1

ZH

75 ≤ pZ,truthT < 150 GeV
naddjets= 0

naddjets≥ 1

150 ≤ pZ,truthT < 250 GeV
naddjets= 0

naddjets≥ 1

250 ≤ pZ,truthT < 400 GeV
naddjets= 0

naddjets≥ 1



Chapter 6

Systematic uncertainties

Within the V H(H → bb̄) analysis, there are several sources of uncertainties that impact the

result, and they can be grouped into two categories. The first are the experimental uncertainties

that come from the experimental apparatus and reconstruction, i.e., the accelerator, detector

and reconstruction of the objects. The other group is the systematic uncertainties that come

from the modelling of the signal and background processes, which in this thesis is the dominant

source of uncertainties. These pertain to the production of the simulated samples and the size

of the effects that arise due to the choice of phase space studied.

6.1 Experimental uncertainties

The experimental uncertainties depend on how the different objects are reconstructed and cor-

rected, as well as how the detector and accelerator performed. To correct the simulation to

match better with data, due to either simplified detector responses or difficulty in theoretical

modelling, Scale Factors (SF) are applied to the MC which are obtained via data-to-MC com-

parisons. The different Combined Performance (CP) groups in ATLAS provide the necessary

SFs and their associated uncertainties of the different physics objects. Each analysis within

ATLAS then uses these centrally provided SFs to correct the MC and estimate the total un-

certainty that these sources have on their respective analysis. A summary of the experimental

uncertainties is given in Table 6.1.

6.1.1 Luminosity and pileup

The luminosity uncertainty is calculated by comparing the LUCID-2 [79] measurements to

several other detectors. The dominant source of this uncertainty comes from extrapolating

from the Van der Meer scans [78] performed at low luminosity to the high luminosity of the

90
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data-taking runs. For the data taking periods of 2015-2016, 2017 and 2018, the uncertainties

were found to be 0.93%, 1.13% and 1.1% respectively, giving a total uncertainty of 0.83% on the

total Run-2 integrated luminosity of 140 fb−1 [128]. More on the luminosity is given in Section

3.1.2.

The production of the simulated samples occurs before or during the data-taking periods. This

means the amount of pileup present in the data that these simulated samples are produced for

is unknown at the time of production and so estimates of the pileup have to be made. Once the

data has been collected, the pileup estimations in the simulation can be weighted to match what

was found in the data. Before calculating the pileup weights, the average number of collisions

per bunch crossing (µ) in the data is scaled down by a factor of 1.03. The upper and lower

bound for the uncertainty is then estimated using a factor of 0.99 and 1.07 respectively, applied

to the unscaled value [145]. More information on the pileup is given in Section 3.1.3.

6.1.2 Lepton and Emiss
T triggers

The EmissT trigger uncertainties are related to the scale factors that account for the EmissT trigger

efficiency turn-on, derived using W+jets events [121]. The uncertainties accounted for are the

statistical error on the W+jets samples used, the dependence on the specific process used which

is accounted for by comparing to tt̄ and Z+jets events, as well as the kinematic dependence of

the EmissT efficiency on the scalar sum of the jet pT (ST ) which was only relevant for the 2017

data taking year.

Similarly to the EmissT trigger, the lepton trigger uncertainties are related to their efficiencies.

For the electron trigger, there is one uncertainty that deals with the statistical and systematic

uncertainties, while the muon trigger has separate statistical and systematic uncertainties.

6.1.3 Lepton reconstruction

Electrons

The uncertainties on the reconstruction and identification efficiencies are calculated using Z →
ee, W → eν and Jψ → ee in bins of pT and η. The uncertainties are largest at low pT and

approach zero at higher pT . The uncertainty on the energy scale and resolution of the electrons

are calculated using Z → ee events by comparing the invariant mass distributions in different

η-bins between data and MC [99].

Muons

The uncertainties on the muon reconstruction, isolation and track-to-vertex association are cal-

culated using Z → µµ and J/ψ → µµ events. The J/ψ is used in the low pT range (pT < 15

GeV) while the Z events are used for the high pT range (pT > 15 GeV). The isolation scale
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factors and uncertainties are only supported in the range 10 < pT < 500 GeV and so a scale

factor of 1 ± 0.05 is used outside this range. The corrections and uncertainties for the muon

momentum scale and resolution are calculated using the same samples as just mentioned, but

with a pT boundary of 20 GeV instead of 15 GeV [101].

τ-leptons

Since τ -leptons aren’t directly used in this analysis, the impact of the hadronically decaying

τ -lepton uncertainties are negligible on the analysis. The uncertainties used are related to the

energy scale, and are only applied when calculating EmissT .

All uncertainties related to the leptons only have small effects on the analysis.

6.1.4 Jets

While there is a baseline set of parameters related to the jet uncertainties, this analysis uses a

reduced set of 23 parameters based on the principal component analysis [146]. The uncertainties

related to the JES and JER are the main sources of uncertainty for jets. These are described in

Section 4.3.2. The JER uncertainties are obtained by comparing the simulation before and after

the smearing has been applied, with the difference in the jet energey resolution per jet being the

uncertainty [109]. JES uncertainties are a combination of several components, with the majority

coming from data-driven techniques which account for assumptions made in the simulation,

sample statistics and the propagated uncertainties on the energy scales of the other reconstructed

objects [108]. The JES uncertainties are determined by either varying the parameters of the

object selection or comparing the nominal simulated sample to an alternative sample that differs

in one or more aspects. The other sources of jet uncertainties include the mismodelling of pileup

in the simulation, jet response and the flavour composition of jets in simulation (light-quark,

b-quark and gluon-initiated jets), high-pT jets and the η-intercalibration procedure [107].

6.1.4.1 Flavour tagging

The SFs for the flavour tagging are applied per jet depending on the truth flavour and pT of

the jet, with the product of these SFs applied to the event weight. If a jet passes the tagging

requirement, a tagging efficiency SF is applied, whereas if it doesn’t pass, a mistagging SF is

applied. These SFs are then adjusted by the uncertainties given by the CP groups to obtain new

weights that are used as the uncertainties. There are approximately 40 systematic components

per jet flavour (b, c, τ, light), but to have a more manageable amount, the flavour tagging CP

group has combined several components to reduce the number of components to 3, 3, and 5 for

the b, c and light components respectively at the 70% working point [116][147]. Two additional
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uncertainties are related to the extrapolations. The first is the extrapolation from the lower

pT regions where the scale factors are determined, to the higher pT regions that this thesis covers

[148]. The second is the extrapolation from b-quark calibrations to the c-quark calibrations due

to c-jet isolation being more difficult and c-jet events often having fewer events. The flavour

tagging uncertainties tend to have the largest impact of the experimental uncertainties on the

likelihood fit, and the main contribution to this is the modelling of the tt̄ sample used to train

the tagging algorithm.

6.1.5 Emiss
T

Since EmissT is calculated using the jets and the leptons, the uncertainties from these objects

are also propagated into the uncertainty for the EmissT . This is the unceratinty due to the hard

terms in the EmissT calculation. Additional to these are the uncertainties due to the soft terms

of the EmissT calculation (defined in Section 4.4). There is the uncertainty on the scale of the

track-based EmissT due to the tracks in the jets, as wel las the uncertainties on the track-based

soft term for longitudinal resolution and scale, and transverse resolution [120].

A summary of all these experimental uncertainties is given in Table 6.1.
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Table 6.1: A summary of the experimental uncertainties used in this analysis. Given is the
source and a brief description of the uncertainty.

Source Description

Event
Luminosity Uncertainty on the full run-2 luminosity
Pileup re-weighting Uncertainty from re-weighting the average number of collisions

per bunch crossing in simulation to data

Triggers
Electron trigger efficiency Uncertainty on the efficiency of the electron trigger
Muon trigger efficiency Uncertainty on the efficiency of the muon trigger. Statistical

and systematic
EmissT trigger efficiency Uncertainty on the efficiency of the EmissT trigger. Statistical

and kinematic & process dependencies

Leptons
Electron efficiency Uncertainty on the reconstruction, isolation and ID efficiencies

for the electrons
Electron energy scale Uncertainties on the electron energy scale and resolution
Muon efficiency Uncertainties on the reconstruction, isolation and ID efficien-

cies for the muons. Separate contributions for statistical and
systematic effects

Muon momentum resolution Uncertainties on the muon momentum resolution in the ID
and muon systems

Muon momentum scale Uncertainties on the momentum scale and charge dependant
momentum scale

Tau energy scale Uncertainties on the energy scale for hadronically decaying τ -
leptons

Jets
Jet energy scale (JES) Uncertainties on the jet energy scales from in-situ measure-

ments from the detector, modelling, statistics and mixed terms
JES eta-intercalibration Uncertainties on the jet energy scales from eta-

intercalibrations from modelling, statistics and non-closure
JES flavour composition Uncertainties on the jet energy scale due to the flavour com-

position of the V V and V H processes, as well as the different
flavour responses

JES pileup Uncertainties on the jet energy scale of the pileup
JES high energy Uncertainties on the energy scale of punch-through jets and

high-pT jets
Jet energy resolution (JER) Uncertainties on the jet energy resolution, with an additional

component for the difference between MC and data
JVT efficiency Uncertainty on the Jet Vertex Tagger efficiency

Flavour Tagging
Flavour tagging efficiencies Uncertainties on the efficiencies for b-tagging, c-tagging, light

jet tagging and τ -tagging
Flavour tagging extrapolation Uncertainty on the extrapolation to high-pT jets

Missing Transverse Energy
EmissT soft term Uncertainties on the track-based soft term for longitudinal res-

olution and scale, and transverse resolution
EmissT jet tracks Uncertainty on the scale of the track-based EmissT due to the

tracks in the jets
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6.2 Modelling uncertainties

These uncertainties can be split into normalisation or shape effects. The normalisation un-

certainties only impact the total number of events in the region the uncertainty is applied to,

and are calculated as ratios of yields. The normalisation uncertainties for the dominant back-

grounds are left unconstrained in the final likelihood fit, while less dominant backgrounds have

a constraint applied to their normalisation obtained from a comparison between the nominal

and alternative samples. These uncertainties impact the cross-sections of the samples. Another

form of normalisation uncertainty is the extrapolation uncertainties, which are used to account

for any mismodelling that arises from categorising the events into different regions. The uncer-

tainties are usually calculated as a double ratio of the yields between the two regions and the

nominal and alternative samples, as such:

Nnominal
A

Nnominal
B

/
Nalternative
A

Nalternative
B

. (6.1)

Here, N is the yield for the nominal or alternative samples, when extrapolating from region A

into region B. To decouple the extrapolation uncertainties from the pure normalisation uncer-

tainties, both the nominal and alternative samples are normalised to the same cross-section so

that they cancel in the ratio. Flavour ratio uncertainties are also calculated in the same manner

as the extrapolation uncertainties. These take into account any possible mismodelling of the

flavour composition of the samples. The flavour of an event depends on the true origin of the

two tagged jets in the event. Each jet can be classified as originating from a bottom quark (b),

a charm quark (c) or a light quark (l). The event flavour is the combination of these, giving six

possible event flavours: bb, bc, bl, cc, cl and l. The four “heavy” flavours (bb, bc, bl, cc) are often

grouped together to form the heavy flavour (hf) category. The flavour ratios are calculated

using Equation 6.1, but where NB is the number of events categorised as bb, while NA is any of

the other flavours within the heavy flavour category. The two light flavours (cl and l) have so

few events that they aren’t considered.

Shape effects take into account differences due to the shape of the distributions, and how events

may migrate between different bins in a distribution or across region boundaries. The uncer-

tainties that cover the shape effects are usually the ratio of a distribution of the alternative

sample to the distribution of the nominal sample, depending on what the uncertainty needs

to cover, for example the Matrix Element (ME) or Parton Shower (PS) and Underlying Event

(UE) differences. A fit is done to the ratio and the nominal distribution is scaled by this fit to

obtain the uncertainty histograms used in the likelihood fit. The distributions are normalised to

the same area before finding the ratio so that only the shape effects are considered. The nom-

inal distributions are weighted instead of using the alternative distribution directly since the

alternative samples tend to have far fewer statistics. A simple sketch to illustrate this method

is given in Figure 6.1.
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Figure 6.1: Sketch illustrating the reweighting of the nominal distribution (fN (x) in black)
to the alternative distribution (fA(x) in red), resulting in the reweighted distribution (w∗fN (x)
in blue) [149]. The variable xi is any one on the kinematic variables used to obtain the shape

uncertainty.

A summary of the modelling uncertainties in this analysis are given in Tables 6.6 and 6.7

For the measurement presented in this thesis, the uncertainties most likely to be affected by

the increase in the additional central jet pT selection, and those deemed most impactful on the

signal strengths in likelihood fit, were recalculated by the author. The other modelling uncer-

tainties follow the same per-event uncertainties as derived in the previous round of the analysis

[24]. Nevertheless, due to differences in the event selection, the total uncertainty used in the fit

naturally adjusts to account for the specific event composition. The uncertainties calculated by

the author are specifically referred to in the following sub-sections.

6.2.1 V H signal uncertainties

The V H signal samples can be split into the gluon-initiated and quark-initiated processes. For

these processes, two systematic variations were used to obtain the uncertainties. These are:

• Powheg+Pythia 8 Internal variations: There are six internal weight variations on the

renormalisation µR and factorisation µF scales (each varied by a factor of 2 and/or 0.5,

but not anti-correlated). The scales are varied since they are not fixed by theory, but

are somewhat arbitrary, and have a direct role in the cross-section calculation. These µR

and µF scale variations are used to calculate shape uncertainties in a similar way to how

alternative MC generators are used. The multiple parton interaction cut-off parameter is

varied between 1.91 GeV and 2.05 GeV with the nominal value set at 2.00 GeV. Variations

on two sets of eigentunes for the AZNLO parton shower tune are also done to cover the

primordial transverse momentum1 and initial-state radiation cut-off.

1The primordial transverse momentum is the inherent transverse momentum that each parton within the
proton possesses prior to any collisions.
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• Powheg+Herwig 7: Uses the same Powheg setup as with the nominal samples, how-

ever uses a different generator in Herwig 7 [150] for the underlying event and parton

shower so that these effects can be isolated.

Since the V H samples are the signal processes, the normalisations are set to their theoretical

predictions. The uncertainties on the overall normalisation and H → bb̄ branching fraction

follow the recommendations of the LHC Higgs working group [151]. They are 1.7%, 0.7% and

25% for the branching fraction, barq → V H cross-section and the gg → ZH cross-section

respectively. QCD scale uncertainties on the overall V H cross-section are obtained by varying

µR and µF in the NNLO(NLO) QCD + NLO EW fixed order qq(gg) initiated calculations

respectively. These are separate to the scale variations used for the shape uncertainties as

described above, as these are varied by 1
3 and 3.

As described in the STXS uncertainties references [152][153], migration uncertainties across

the STXS pVT and njet bin boundaries are evaluated for the V H signal using the MC QCD

scale variations of µR and µF . Uncertainties on the STXS bin cross-sections are evaluated

using parton distribution function (PDF) variations of the PDF4LHC15 30 PDFs [154], and

the PDF αs variations. Acceptance uncertainties between the reconstruction level bins and

STXS bins are calculated with parton shower and underlying event variations, using the four

Powheg+Pythia 8 AZNLO tune variations and Powheg+Herwig 7.

For the shape uncertainties of the signal samples, the distributions of mBB and pVT are studied.

For both of these there are the PS and UE variations, and the QCD scale variations. For the PS

and UE variations, the nominal sample is compared to Powheg+Herwig 7. For mBB, since

the uncertainties were found to be roughly the same for the different njets and lepton channels,

only the 1-lepton, 2-jet mBB distribution is used for all the regions due to this region having

the largest statistics. To account for the jet reconstruction effects, the mBB calculated using

the truth jets matched to the two tagged jets is used instead of the mBB calculated from the

reconstructed jets. For pVT , the shapes are calculated inclusively of pVT , but separated by the

number of jets and whether the signal sample is W → lν, Z → ll or Z → νν. These six are

combined as one nuisance parameter in the likelihood fit.

The shape uncertainties due to the scale variations are calculated in the same way for the

mBB and pVT variables. The uncertainties are taken as the largest deviation from the nominal

distribution of the 6 different µR and µF combinations. They are calculated separately for njets

and whether the signal sample is W → lν, Z → ll or Z → νν, and all of these are combined as

one nuisance parameter. However, there is an additional split by production mechanism, i.e.,

qq or gg initiated production, which are kept as two separate nuisance parameters. So, the qq

initiated uncertainty will have all three qq signal processes, while the gg will have the two ggZH

processes. An additional shape uncertainty on the pVT distribution due to NLO EW corrections

is applied.
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6.2.2 Z+jets uncertainties

The work in this section was performed by the author.

There are two systematic variations used for the Z+jets background uncertainties:

• Sherpa 2.2.1 Internal variations: Internal weight variations on the renormalisation µR and

factorisation µF scales, as well as PDF variations, using MMHT2014nnlo68cl [155] and

CT14nnlo [156].

• MadGraph 5 aMC@NLO+Pythia 8: Uses MadGraph 5 [157] with the NNPDF2.3LO

PDF set and the ATLAS A14 tune for the ME, and Pythia 8 for the PS and UE. Used

to assess in combination the matrix element and parton shower effects.

The Z+jets sample is one of the dominant background samples in this thesis, being the dominant

in the 2-lepton and 0-lepton channel. The Z+jets samples are split by the true jet flavour of

the two tagged jets, with the heavy flavour (Z+hf) sample being comprised of the bb, bc, bl

and cc components, and the cl and l flavours are left individually separate. The Z+hf sample

normalisation uncertainties are decorrelated by two and three jets and are unconstrained in the

likelihood fit (allowed to freely float). Both Z+hf sample normalisations are also decorrelated

in the 2-lepton, 75 <pVT < 150 GeV region. This is because the yield in the low pVT region

is close to three times the yield in the pVT > 150 GeV regions combined, and the background

composition is not as dominated by the Z+jets events. The Z+cl and Z+l sample normalisations

have individually constrained uncertainties, calculated as the ratio of the nominal MC to the

alternative MC (i.e. Sherpa to MadGraph), and are calculated inclusive of the number of

jets.

There are three groups of extrapolation uncertainties for the Z+jets samples. The first is an

extrapolation uncertainty from the 2-lepton channel to the 0-lepton channel, applied in the

0-lepton channel. Its is calculated inclusive of njets and pVT . This is done since the shape

systematic uncertainties are derived in the 2-lepton channel and applied in the 0-lepton channel

due to the higher purity of the Z+jets samples in the 2-lepton channel. The second group are

the extrapolation uncertainties from the CRs to the SR, with separate uncertainties for the

CRHigh and CRLow regions. Each one is calculated separately for two and three jets, as well as

0- and 2-lepton. However, in the fit, they are correlated by njets and lepton channel. Each CR

to SR extrapolation uncertainty is then decorrelated in the fit by the 2-lepton 75 <pVT < 150

GeV region. This gives a total of eight calculated CR to SR extrapolation uncertainties, acting

as four nuisance parameters. The CR to SR extrapolation uncertainties are used to increase

the degrees of freedom in the likelihood fit by affecting the yield migrations between the CRs

and SR, which are decorrelated from the shape affect of the mBB and pVT uncertainties. The
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Table 6.2: A summary of the normalisation and acceptance uncertainties for the Z+jets
background, showing the total contribution from the Sherpa 2.2.1 internal weight variations,
and MadGraph 5 aMC@NLO+Pythia 8 (MG5Py8) separately. The values for the different

jet pT selections are shown as well, namely the 20 GeV and 30 GeV selections.

20 GeV 30 GeV
0 Lep 2 Lep 0 Lep 2 Lep

2-jet 3-jet 2-jet ≥ 3-jet 2-jet 3-jet 2-jet ≥ 3-jet

Sherpa 24.16 23.32
Norm-Z+cl MG5Py8 42.04 46.30

Total 48.49 51.84

Sherpa 28.67 23.63
Norm-Z+l MG5Py8 8.48 6.83

Total 29.90 24.60

Sherpa 9.28 - 7.75 -
2/0 Lep MG5Py8 0.15 - 1.40 -

Total 9.28 - 7.87 -

Sherpa 2.82 1.82 7.33 5.00 2.65 1.76 5.80 5.28
CRLow/SR MG5Py8 15.73 5.79 3.81 2.59 12.43 12.10 2.90 2.07

Total 15.98 6.07 8.26 5.63 12.71 12.23 6.49 5.67

Sherpa 3.19 2.54 6.95 3.49 2.94 2.30 5.90 2.65
CRHigh/SR MG5Py8 1.60 3.85 8.22 3.13 0.30 5.65 9.96 1.06

Total 3.57 4.61 10.77 4.69 2.96 6.10 11.57 2.86

Sherpa 4.35 6.50 3.78 3.88 5.31 4.32
Z+bc/Z+bb MG5Py8 78.86 76.79 76.81 77.27 69.87 80.50

Total 78.98 77.06 76.91 77.37 70.08 80.61

Sherpa 5.95 8.51 4.11 5.48 7.73 4.26
Z+bl/Z+bb MG5Py8 44.43 29.48 43.27 41.12 31.41 45.26

Total 44.82 30.68 43.46 41.48 32.34 45.46

Sherpa 3.08 8.48 10.54 2.47 14.54 6.71
Z+cc/Z+bb MG5Py8 12.94 2.17 9.76 14.45 4.47 7.79

Total 13.30 8.75 14.36 14.66 15.21 10.28

final group of extrapolation uncertainties are the flavour ratios within the Z+hf category. There

is one uncertainty for each event flavour (bc, bl, cc) relative to the bb flavour, and calculated

separately for the 0- and 2-lepton channels, with an additional separation by two and ≥ 3 jets

in the 2-lepton case. These are correlated in the fit across lepton channel and njets, resulting in

nine uncertainties, applied as three nuisance parameters.

A summary of the normalisation and extrapolation uncertainties is shown in Table 6.2. While

the breakdown of the V+jets backgrounds by flavour were kept the same as in the previous

round of the analysis, the use of the DL1r b-tagger, with its higher charm and light jet rejection,

has reduced the number events that do not have two truth level b-jets. Due to the modelling in

the MadGraph generator, this change in event flavour is more pronounced than in Sherpa,

hence why the MadGraph contribution to the flavour extrapolation uncertainties is so large.
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Table 6.3: The values of the parameters as defined in Equation 6.2 for both the pVT and
mBB shape uncertainties for the Z+jets background.

Shape Parameters
uncertainty a b

pVT -0.097 1.02
mBB 0.000511 0.93

For the Z+jets shape uncertainties, instead of doing a two-point MC-MC comparison, a data

driven technique is used. Due to the high purity of Z+jets events in the 2-lepton channel,

the uncertainties are derived there and applied in both the 0- and 2-lepton channels. Using

a data-driven approach in the 2-lepton channel produces a more accurate Z+jets background

estimate, resulting in smaller uncertainties. In the 2-lepton channel, the W+jets and V V MC,

as well as the top eµ data-driven estimate (described in Section 5.3.1.1), are subtracted from

the data. This is done in a region inclusive of njets, p
V
T and SR+CRs to increase the statistics.

This leaves a very pure Z+jets data-driven estimate. To ensure there is negligible signal, only

the mBB sidebands (mBB < 80 GeV and mBB > 140 GeV) are used in both the pVT and

mBB shape calculations. The extra-wide window is to ensure the V Z diboson processes are also

removed from the data so as not to bias the V Z fits. The Z+jets nominal MC is scaled to the

data-driven Z+jets sample, and a fit is done to the ratio of the two distributions. The pVT and

mBB functions obtained from this fit are used to re-weight the nominal distribution to create

the shape variations that act as the upper and lower shape uncertainties. These functions are

defined as following, with pVT and mBB in GeV:

f(pVT ) = a× log10(pVT /50) + b

f(mBB) =

a×mBB + b, if mBB ≤ 300 GeV

a× 300 + b, if mBB > 300 GeV.

(6.2)

The pVT and mBB distributions, as well as the resultant functions, are shown in Figure 6.2.

Only the results of the 30 GeV jet pT selections are shown since there were negligible differences

between the results of the fit for the 20 GeV and 30 GeV cases. The values of the parameters

a and b for both the pVT and mBB shape uncertainties are given in Table 6.3. These two shape

uncertainties are decorrelated by the 75 <pVT < 150 GeV and pVT > 150 GeV regions in the

likelihood fit.

Due to the difference in the tagged jet corrections applied between the 0- and 2-lepton channels

(refer to Section 4.3.3.2), the values for the mBB distribution are obtained using the GSC jets

(see Section 4.3.2) instead of the b-jet-corrected jets.
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(a)

(b)

Figure 6.2: Histograms of the data-driven estimate of the Z+jets background (black points)
and the Z+jets MC sample (blue) normalised to the data-driven estimate, in the 2-lepton
channel and inclusive of the number of jets and pVT . The red line is the result of a fit to the
ratio of the data-driven estimate to the Z+jets MC background. Figure (a) shows the pVT shape
uncertainty and figure (b) shows the mBB shape uncertainty, calculated using the invariant mass
of the jets before any b-jet corrections are applied. The gap in figure (b) of 80 <mBB < 140

GeV is to remove the data that lies within the peak of the diboson and signal distributions.
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6.2.3 W+jets uncertainties

There are two systematic variations used for the uncertainties of the W+jets process:

• Sherpa 2.2.1 Internal variations: Internal weight variations on the renormalisation µR

and factorisation µF scales, as well as PDF variations, using MMHT2014nnlo68cl and

CT14nnlo.

• MadGraph 5 aMC@NLO+Pythia 8: Uses MadGraph 5 with the NNPDF2.3LO PDF

set and the ATLAS A14 tune for the ME, and Pythia 8 for the PS and UE. Used to

assess in combination the matrix element and parton shower effects.

The W+jets sample is one of the dominant background samples, so there are some unconstrained

normalisations in the likelihood fit. Similar to the Z+jets events, the W+jets events are split

by jet flavour. The normalisations of the W+hf sample, separated by two and three jets, are left

to freely float, while the W+cl and W+l normalisations have individually fixed uncertainties

that are inclusive of the number of jets. There is an additional extrapolation uncertainty from

the 1-lepton to the 0-lepton channel, since the 1-lepton channel provides the best constraint on

the W+hf events.

The acceptance uncertainties cover a CR to SR extrapolation, calculated separately for the

CRHigh and CRLow, two and three jets, as well as 0- and 1-lepton. Unlike the Z+jets sam-

ple however, these are all correlated in the fit, resulting in the eight CR to SR extrapolation

uncertainties acting as one nuisance parameter. These are used to increase the degrees of free-

dom in the likelihood fit by affecting the yield migrations between the CRs and SR, which is

decorrelated from the shape affect from CARL (see Section 6.2.3.1). The other acceptance un-

certainties are the flavour ratios within the W+hf category. There is one uncertainty for each

flavour (bc, bl, cc) relative to bb, and calculate separately for the 0- and 1-lepton channel. In

the fit, they are correlated by channel, resulting in the 6 uncertainties being applied as three

nuisance parameters.

In terms of the shapes, there are essentially two variables used. The first is the pVT shape, ob-

tained separately for two and three jets events, as well as per flavour in the W+hf category. The

W+cl and W+l flavours are negligible and therefore not considered. A fit to the ratio between

the nominal sample and MadGraph is used. Due to low statistics in the 0-lepton channel,

only the 1-lepton pVT shapes are used in the likelihood fit, being applied to both 0- and 1-lepton.

It is correlated between the flavours and decorrelated between two and three jets, providing

two nuisance parameters. The second shape uncertainty is the CARL uncertainty, described

in Section 6.2.3.1. For the W+jets samples, CARL is trained separately for 0- and 1-lepton

channels, and by event flavour, with the number of jets input as an auxiliary variable. Only the

three dominant flavours in the W+hf category are used, namely the bb, bc and cc events. CARL
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is trained to separate the nominal MC from MadGraph, with the weight used to create the

uncertainty calculated directly from the output. The CARL uncertainty is correlated by across

0- and 1-lepton, as well as the event flavours, providing one nuisance parameter in the final fit.

A pVT shape used in addition to the CARL shape is to improve the coverage of the migrations

that may occur between the pVT regions.

6.2.3.1 Calibrated likelihood ratio estimator (CARL)

The typical way to model the impact of shape effects due to different ME calculations or

PS modelling is to compare the distribution of the nominal sample to the distribution of an

alternative sample that is different in either the ME or PS. Unfortunately, the alternative

samples are often produced with far less events compared to the nominal samples, resulting

in larger statistical uncertainties and fluctuations per bin. This lack of statistical power can

cause issues when the final likelihood fit tries to interpolate between the nominal and alternative

distributions. This can be overcome by reweighting the nominal distribution to look like the

alternative distribution and using that as the shape variation in the fit. This greatly improves the

statistical power of the shape variation, despite still having some artifacts from the fluctuations

in the original alternative sample. The reweighting usually takes the form of a ratio of the

distributions of one kinematic variable that has a large impact on the results of the study. This

ratio is then used to reweight the nominal sample, on an event-by-event basis, so that the shape

matches the alternative sample. A problem with this method however, is that the reweighting

only really works for the variable (dimension) in which the ratio was calculated, and it does

not necessarily pass the closure test when studying its effects on other variables (dimensions).

This could be repeated for multiple variables, but then the problem of one reweighting undoing

the effects of another becomes possible. This method thus does not consider the correlations

between the different variables in this simple reduction from p-dimensions to one dimension.

A way around this problem is to use a multivariate technique to estimate the p-dimensional

ratio as a 1-dimensional ratio in a less lossy way. This will take the p number of variables as

input to the algorithm, which will be trained to separate the nominal sample from the alternative

sample, and output a 1-dimensional distribution from which the rewighting value can be directly

obtained. The name of this technique is the Calibrated Likelihood Ratio Estimator (CARL)[158]

and uses a Deep Neural Network (DNN,) based on pyTorch[159]. The output of the DNN

estimates the probability that the event is from the alternative sample, or mathematically:

ŝ(x)
N→∞−−−−→ P(A|x), (6.3)

where ŝ is the output of the DNN, N is the number of events used for training and P(A|x) is

the probability that the event is from the alternative sample given the set of input variables x.

The probabilities from which the MC events are sampled would then be P(x|N) for the nominal
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and P(x|A) for the alternative. The ratio of these probabilities can be written as, and using

Bayes theorem:

r(x) =
P(x|N)

P(x|A)
=
P(N |x)P(A)

P(A|x)P(N)
. (6.4)

Given that the nominal and alternative samples are normalised to the same value, and that

P(N |x) = 1− P(A|x), Equation 6.4 reduces to:

r(x) =
1− P(A|x)

P(A|x)
. (6.5)

Now, subbing Equation 6.3 into Equation 6.5, the weight applied to the nominal sample per

event can be obtained from the ratio estimate as:

w =
1

r̂(x)
=

ŝ(x)

1− ŝ(x)
. (6.6)

As can be seen, the reweighting can be obtained directly from the output of the neural network.

An example illustration of the this p-dimensional reduction process is shown in Figure 6.3.

The variables used as input for the training of CARL are shown in Table 6.4, with most of

the variables defined in Section 5.2.3. The new variables introduced for CARL are the sum of

the transverse momenta of the jets additional to the tagged jets (Σpjadd.T ), and the minimum

distance between the additional jets and the tagged jets (min[∆R(jadd., (b1, b2))]). The auxiliary

variables are those that aren’t directly trained on, but are used to improve generalisation and

feature learning. The variables Flavour b1 and Flavour b2 are the truth flavours of the two

tagged jets, providing individual information of the jets.

The reweighting algorithm CARL replaces the previous algorithm known as BDTr (Boosted

Decision Tree reweighting), described in [24]. CARL, being a DNN, can model more intricate

patterns with less loss of information than the BDTr. Refer to Section 5.2.2 for more information

on the differences between a BDT and a DNN. Additionally, the weight can be obtained directly

from the output of CARL, whereas the BDTr required an additional fit to the ratio of the BDT

output distributions for the nominal and alternative samples. This additional fit is represented

by r(x) in Figure 6.3. To improve the effects due to the different pVT bins, the BDTr also required

the inputs for its training to be reweighted by the pVT distribution first. Going from the BDTr

to CARL has thus dropped the number of steps required to obtain the reweighting value from

three to one, while reducing the lossiness of the model dimensional reduction.
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Figure 6.3: Illustration of the reduction of a 3-dimensional ratio to a 1-dimensional ratio
using a DNN [149]. The Oi are different kinematic variables for the two MC samples, the
alternative sample θ1 and the nominal sample θ0. The three distributions are shown in (a),
with them being input to the DNN in (b) that is trained to classify (s(x)) the two samples.
The s(x) distribution for both samples is shown in (c) with the density ratio r(x) given by the

curved line in the ratio plot.



Systematic uncertainties 106

Table 6.4: Summary of the variables used to train the CARL DNN used to obtain shape
uncertainties for the W+jets and tt̄ samples in the 0- and 1-lepton channels. The variables are

defined in Section 6.2.3.1.

Variable 0-Lepton 1-Lepton

mbb X X
∆R(b1, b2) X X

pb1T X X
pb2T X X
pVT X

∆φ(V,H) X X
|∆η(b1, b2)| X
Meff X
EmissT ≡ pVT X

min[∆φ(`, bi)] X
mW
T X

∆Y (W,H) X
mtop X

binned DL1r(b1) X X
binned DL1r(b2) X X

Only in 3-jet events

mbbj X X
min[∆R(jadd., (b1, b2))] X X

Σpjadd.T X X

Auxiliary variables

nJets X X
Flavour b1 X X
Flavour b2 X X
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6.2.4 Top pair production uncertainties

Due to the topologies of the different lepton channels, the 0- and 1-lepton channels have a

different prescription than the 2-lepton channel for tt̄ processes. For the 2-lepton channel refer

to Section 6.2.7.1.

There are three systematic variations used for the uncertainty estimations of the tt̄ samples in

the 0- and 1-lepton channels:

• Powheg+Pythia 8 - Low/High radiation: Maximum or minimum internal weight vari-

ations on the renormalisation and factorisation scales. These are for the non-all-hadronic

and dilepton samples. The non-all-hadronic samples have a filter applied that require at

least one leptonically decaying W boson.

• Powheg+Herwig 7: Same Powheg setup but using Herwig 7 for PS and UE with

the CTEQ6L1 PDF set with H7UE tune [150]. Used to assess the parton shower effects.

• MadGraph 5 aMC@NLO+Pythia 8: Same Pythia 8 setup but using MadGraph 5

with the CT10f4 PDF set for the ME. Used to assess the matrix element effects.

The tt̄ background is one of the dominant background processes, so the normalisations are left

to freely float, and are separated between the 2- and 3-jet regions. Due to it being the dominant

background in the 1-lepton channel, the uncertainties are derived there and applied in both the

0- and 1-lepton channels. Validation studies performed for the previous round of this analysis

[24] show that this transfer is valid. The uncertainty on this extrapolation is treated as an

acceptance uncertainty between the 0- and 1-lepton channels, and inclusive of the number of

jets.

The flavour composition uncertainties for the tt̄ sample are based on the dominant flavours.

Due to the large branching fraction for a top quark decaying to a bottom quark (0.957± 0.034

[11]), only the bb and bc components are non-negligible, so the other components (bl, cc, cl, ll)

are classified together as “other”. Therefore, there are two flavour composition uncertainties for

the bc/bb acceptance and the “other”/bb acceptance. Each of the flavour acceptances also have

one uncertainty for the ME variation and one for the PS variation, giving four uncertainties in

total. They are calculated separately for 0- and 1-lepton channels but correlated in the fit.

For the shape uncertainties, there is a pVT shape derived separately for the 0- and 1-lepton

channels, as well as the 2- and 3-jet regions. For the 0-lepton channel, the EmissT > 150 GeV

distribution is used, while in 1-lepton, the pVT > 75 GeV distribution is used. A fit is done to

the ratio of the nominal sample to MadGraph 5 aMC@NLO+Pythia 8, since this provides

the largest variation. Unlike for the CARL shapes for the W+jets sample (Section 6.2.3), there

are separate CARL shapes for the ME and PS contributions in the tt̄ samples since neither

dominate over the other. Also, the training is done separately for the bb and “other” flavour
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categories, as well as 0- and 1-lepton. There is no split by number of jets since these are entered

as auxiliary variables. The ME contribution is decorrelated by two and three jets, but correlated

across lepton channels and flavours, while the PS contribution is correlated in the number of

jets, but decorrelated in lepton channel. There is an additional decorrelation in the 1-lepton

channel with a specific PS contribution for the 150 <pVT < 250 GeV, 3-jet region. There are

no CR to SR extrapolation uncertainties for the tt̄ sample since the CARL shape uncertainty

covers the CR to SR migrations.

6.2.5 Single-top production uncertainties

For the 2-lepton channel, see Section 6.2.7.1.

There are four systematic variations used for the uncertainty estimations of the single-top sam-

ples:

• Powheg+Pythia 8 - Low/High radiation: Maximum or minimum internal weight vari-

ations on the renormalisation and factorisation scale.

• Powheg+Pythia 8 - Wt channel DR: The Diagram Removal (DR) scheme is used for

matrix element calculation as opposed to the Diagram Subtraction (DS) used in the nom-

inal sample.

• Powheg+Herwig ++: Same Powheg setup but using Herwig++[160] for PS and

UE with the CTEQ6L1 PDF set with UE-EE-5 tune. Used to assess the parton shower

effects.

• MadGraph 5 aMC@NLO+Herwig++: Same Herwig++ setup but using MadGraph

5 with the CT10f4 PDF set for the ME. Used to assess the matrix element effects.

Since the single-top samples are a minor background in this analysis, the normalisation un-

certainties are not left freely floating, but calculated by comparisons between nominal samples

and alternative samples. There are three sub-samples, being s-channel, t-channel and Wt-

channel. The s-channel sample has a negligible contribution and so it only has a normalisation

uncertainty. The t- and Wt-channel samples have additional pVT and mBB shape uncertainties

correlated across all regions. Since normalisation uncertainties of the single-top processes are

not split by the number of jets, acceptance uncertainties are used to add extra freedom within

each jet region. There are acceptance uncertainties for the t-channel process, as well as accep-

tances decorrelated by jet flavour (bb or other) for the Wt-channel, since due to the topology

of the Wt process, a significant difference was found between the Wt → bb̄ and Wt → b(c/l)

events. Due to this, the Wt sample shape uncertainties are also calculated split by the these

flavours, however correlated as just one nuisance parameter in the likelihood fit.
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6.2.6 Diboson uncertainties

There are three systematic variations used for the uncertainty estimations of the diboson sam-

ples:

• Sherpa 2.2.1 µR/µF Scales: Internal weight variations on the renormalisation and factori-

sation scales.

• Powheg+Pythia 8: CT10 NLO PDF set used for the hard-scatter and the CTEQ6L1

PDF with AZNLO tune is used for the parton shower.

• Powheg+Herwig ++: Same Powheg setup but using Herwig++ for PS and UE

with the CTEQ6L1 PDF set with UE-EE-5 tune.

Since the diboson samples are a minor background in this analysis, the normalisation uncertain-

ties are constrained in the likelihood fit and are calculated by comparing the nominal sample

to the Sherpa scale variations and Powheg. There are three sub-samples, being WW , WZ

and ZZ. The WW sample contributes less than 0.1% and so it only has a normalisation un-

certainty. The WZ and ZZ samples have pVT and mBB shape uncertainties for ME and UE

variations across all regions. Each shape uncertainty is calculated separately for 2- and 3-jet

regions, as well as if the process is WZ or ZZ in 0-lepton, or ZZ in 2-lepton. However, they are

correlated as one nuisance parameter in the likelihood fit. There are acceptance uncertainties for

the 2- and 3-jet categories as well as between the 0- and 1-lepton, and 0- and 2-lepton channels.

6.2.7 Data-driven background uncertainties

The work in this section was performed by the author.

6.2.7.1 Two lepton data-driven top estimate

A description of the eµ control region is given in Section 5.3.1.1, but in summary, due to the

topology of the 2-lepton channel, it is possible to use the data from a top eµ control region

instead of using the top MC samples to represent the top backgrounds.

The flavour symmetry of the tt̄ and Wt samples implies that the top-eµ control region and

the signal regions should have very similar shapes in their distributions. To correct for any

differences in normalisation, a scale factor α is derived as follows:

NSR
data =

NCR
data

NCR
MC

×NSR
MC =

NSR
MC

NCR
MC

×NCR
data = α×NCR

data (6.7)
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Here, N is the total number of tt̄ and single-top events, SR and CR refer to the signal region

and eµ control region respectively. The extrapolation factor α can be estimated using the top

MC simulations since the same kinematic selections are applied in the SR and eµ-CR, and due

to the flavour symmetry of the tt̄ and Wt processes. The ratio of the yield of the simulated

top events in the eµ-CR and the simulated top events in the signal selection was found to be

one, with a statistical uncertainty of less than 0.01 coming from the simulated samples. This

uncertainty is used as the extrapolation uncertainty since no other uncertainties were found to

create a bias larger than this. This method eliminates most of the experimental and theoretical

uncertainties leaving the data statistics in the eµ-CR to be the dominant uncertainty for the

data-driven top background estimate. Since there is no bias on the shapes or normalisations

between the nominal regions and the eµ-CR, the data in the eµ-CR can be used directly in the

nominal regions.

6.2.7.2 Multijet background estimate

Since the multijet (MJ) backgrounds are data-driven, as described in Section 5.3.1.2, there are

no alternative samples used in the uncertainty calculations, rather slight variations on how the

template is obtained. For the shape uncertainties, there are two uncertainties obtained. The

first one applies the top and W+jets background normalisations obtained from the MJ fit to

the top and W+jets samples in the MJ-CR before subtracting the MC from the data, providing

a new MJ template. The second shape uncertainty applies additional isolation requirements

on the leptons, which reduces the extrapolation uncertainty from the MJ-CRs to the analysis

regions. For the electrons, the additional energy in the calorimeters in a cone of R = 0.2 around

the electron must be less than 12 GeV, while for the muons, the additional momentum due to

tracks in a cone of R = 0.2 around the muon must be less than 2.9 GeV. These extra isolation

requirements are applied in the MJ control region before subtracting the MC from the data.

The distributions used are the same as those that are input to the maximum likelihood fit,

i.e., MVA for the signal regions and pVT for the low and high CRs. These shape variations are

normalised to the nominal MJ estimate so that a shape-only systematic uncertainty is obtained.

The differences between the shape variations and the nominal shape are used as the two shape

uncertainties in the likelihood fit. A comparison of the nominal MVA MJ distribution to the

two MJ shape uncertainties are shown in Figure 6.4 for the electron channel and Figure 6.5 for

the muon channel. The variations due to scaling the W+jets and top backgrounds first (blue

histogram) are very small, while the variations due to the tighter isolation requirements (red

histogram) are quite erratic since a lot of events are removed.

For the normalisation uncertainties, there are multiple sources. Two of the sources require new

MJ fits to be carried out, while the other three are the statistical uncertainties from the nominal

and shape variation distributions. For the new fits, the first one uses the φ distance between
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(a) (b)

(c) (d)

Figure 6.4: A comparison of the nominal MVA electron MJ distribution (black), the shape
uncertainty obtained by applying the background normalisations first (blue), and the shape
uncertainty obtained by applying tighter isolation requirements on the leptons (red). All his-
tograms are normalised to the same area. Figures (a) and (b) are the 2- and 3-jet regions for
the jet pT selections of 20 GeV, while (c) and (d) are the 2- and 3-jet regions for the jet pT

selections of 30 GeV. The bottom panels show the ratio of the variations to the nominal.
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(a) (b)

(c) (d)

Figure 6.5: A comparison of the nominal MVA muon MJ distribution (black), the shape
uncertainty obtained by applying the background normalisations first (blue), and the shape
uncertainty obtained by applying tighter isolation requirements on the leptons (red). All his-
tograms are normalised to the same area. Figures (a) and (b) are the 2- and 3-jet regions for
the jet pT selections of 20 GeV, while (c) and (d) are the 2- and 3-jet regions for the jet pT

selections of 30 GeV. The bottom panels show the ratio of the variations to the nominal.
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Table 6.5: The final normalisation uncertainties for the multijet background, combining the
statistical uncertainty from the nominal MJ and the two shape uncertainties, as well as the two
yield differences obtained from the normalisation MJ fits. The values for the different jet pT

selections are shown as well, namely the 20 GeV and 30 GeV selections.

Region 20 GeV 30 GeV

2-jet, e +75%
−63%

+49%
−71%

3-jet, e +43%
−100%

+66%
−95%

2-jet, µ +3%
−100%

+2%
−97%

3-jet, µ +1%
−100%

+2%
−100%

the lepton and EmissT (∆φ(l,EmissT )) instead of the mW
T distribution to perform the MJ fit. The

∆φ(l,EmissT ) distribution has a decent separation between the MJ background and the other

backgrounds, but not as good as the mW
T distribution. The second normalisation calculation

only applies to the electron channel as it removes the EmissT > 30 GeV requirement and performs

the MJ fit on the mW
T distribution including the EmissT < 30 GeV events. The difference between

the yields of the MJ backgrounds obtained from these two additional MJ fits and the yields of the

MJ backgrounds obtained from the nominal MJ fits are used as the normalisation uncertainties.

These are then combined in quadrature with the statistical uncertainty of the nominal MJ

background, as well as the statistical uncertainty of the MJ backgrounds obtained from the two

shape uncertainties. The final normalisation uncertainties for the MJ backgrounds, combining

all five components, are shown in Table 6.5. All the MJ regions have large lower bounds on the

normalisation, while only the electron channels have large upper bounds.
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Table 6.6: A summary of the modelling uncertainties for V H and V+jets samples used in
this analysis. Given is the source and a brief description of the uncertainty.

Source Description

V H
Normalisations Set to theoretical predictions, decorrelated by qq → V H and

gg → ZH. Additional uncertainty on the H → bb̄ branching
ratio

Shapes Shape uncertainties for the pVT and mBB distributions, corre-
lated by the number of jets and vector boson decay. Each has a
QCD scale variation decorrelated by qq → V H and gg → ZH,
and an UE & PS variation. Additionally, pVT has a PDF vari-
ation decorrelated by qq → V H and gg → ZH, and an NLO
electro-weak variation.

V H STXS
Normalisations Uncertainties on the cross-sections in the STXS bins due to

PDF and αS variations
Acceptances Migration uncertainties calculated between the STXS bins for

each pVT and additional-jets bins, all decorrelated by qq → V H
and gg → ZH. Acceptances between the STXS bins and re-
construction level bins, using Pythia AZNLO tune variations
and Herwig

Z+jets
Normalisations Freely floating Z+hf normalisations decorrelated by 2- and 3-

jet, and decorrelated in 2-lepton 75 GeV<pVT <150 GeV. Un-
certainties on the normalisations for Z+cl and Z+l calculated
via two-point MC-MC comparisons

Acceptances Acceptance uncertainty for extrapolation from 2- to 0-lepton.
CRHigh and CRLow to SR acceptances correlated by 2- and
3-jet and 0- and 2-lepton, but decorrelated in 2-lepton 75
GeV<pVT <150 GeV

Flavour composition Flavour ratios for each bc, bl and cc comparison to bb, all cor-
related by 0- and 2-lepton with additional correlation between
2- and ≥ 3-jet in 2-lepton

Shapes Data driven shape uncertainties for the pVT and
mBB distributions, decorrelated in 2-lepton 75 GeV<pVT <150
GeV

W+jets
Normalisations Freely floating W+hf normalisations decorrelated by 2- and

3-jet. Uncertainties on the normalisations for W+cl and W+l
calculated via two-point MC-MC comparisons

Acceptances Acceptance uncertainty for extrapolation from one to 0-lepton.
CR to SR acceptances correlated by 2- and 3-jet and 0- and
1-lepton

Flavour composition Flavour ratios for each bc, bl and cc comparison to bb, all cor-
related by 0- and 1-lepton

Shapes Shape uncertainty on the pVT distribution, correlated between
flavours and decorrelated by 2- and 3-jet. BDTr shape uncer-
tainty correlated by 2- and 3-jet and 0- and 1-lepton
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Table 6.7: A summary of the modelling uncertainties for top, diboson and data-driven samples
used in this analysis. Given is the source and a brief description of the uncertainty.

Source Description

Top Pair (0+1 Lepton)
Normalisations Freely floating and decorrelated by 2- and 3-jet
Acceptances Acceptance uncertainty from 1-lepton to 0-lepton, correlated

by 2- and 3-jet
Flavour Composition Flavour acceptances for bc to bb processes, and “other” to bb

processes, with separate uncertainties for ME and PS
Shapes Shape uncertainties for pVT , decorrelated by 2- and 3-jet.

BDTr shapes for the ME decorrelated by 2- and 3-jet, cor-
related by 0- and 1-lepton. BDTr shapes for the PS correlated
by 2- and 3-jet, decorrelated by 0-lepton, 1-lepton with three
jets and 150 GeV<pVT <250 Gev, and the rest of 1-lepton

Single-Top (0+1 Lepton)
Normalisations Uncertainties on the normalisations for each process calculated

via two-point MC-MC comparisons
Shapes Only for t- and Wt-processes. Each process has its own shape,

as well as one each for pVT and mBB

Acceptances Flavour acceptances for the Wt-process split by bb and
“other”. Single acceptance for the t-process. All correlated
by 2- and 3-jet

Diboson
Normalisations Uncertainties on the normalisations for each process (WW ,

WZ, ZZ) calculated via two-point MC-MC comparisons
Shapes Only for WZ and ZZ processes. Two each for pVT and mBB ,

split by by ME and UE. Correlated by 2- and 3-jet events, WZ
and ZZ processes

Acceptances Only for WZ and ZZ processes. Acceptance uncertainties
between 2- and 3-jet, between 0- and 1-lepton, and between 0-
and 2-lepton

Data-Driven Backgrounds
Top eµ normalisations Uncertainty on data statistics in eµ-CR and extrapolation

from eµ-CR to SR
Multijet normalisations Uncertainties on the normalisations obtained from using a

different variable for the template fit, and including low
EmissT events in e channel, These are added in quadrature with
the nominal and shape statistical uncertainties. Decorrelated
by lepton production and correlated by the number of jets

Multijet shapes Shape uncertainties due to a reduced isolation region, applying
scale factors before the template fit



Chapter 7

Measurement of the V H,H → bb̄

process within kinematic regions

This chapter presents a measurement of the V H,H → bb̄ process within the STXS framework.

In particular, the measurement is an expansion on the number of STXS regions (see Section

5.5) measured in the 2021 paper by the ATLAS collaboration [24]. Additionally, a study into

the effects of increasing the pT selections of the central jets additional to the b-tagged jets is

performed. The results of these studies are presented in terms of the STXS signal strength

measurements.

The study in this thesis is part of the new ATLAS analysis which combines the V H,H → bb̄

resolved with the boosted V H,H → bb̄ analysis, as well as the resolved V H,H → cc̄ analysis.

Since the boosted analysis targets the high momenta regions (pVT > 400 GeV), the resolved

V H,H → bb̄ analysis has an upper limit on the pVT of 400 GeV. This is one of the major

differences between the study in this thesis and the previous round of the analysis, as the

previous round had no upper limit on the pVT .

For clarification, there are three different analyses that are often referred to in this section.

There is the published 2021 paper referenced above [24] (referred to as “the previous round of

the analysis”), the update to this analysis by the ATLAS collaboration [23] (referred to as “the

new ATLAS analysis”), and the analysis presented in this thesis (referred to as “in this thesis”).

7.1 Introduction

The study of Higgs boson production is important not only to test the SM, but also because

it is sensitive to the effects of many BSM theories. Some of the BSM theories may not show

up easily when doing a single fiducial cross-section measurement, as the BSM theories may be

more dominant in smaller kinematic regions of the V H,H → bb̄ phase space. Studying the

116
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production within the STXS framework provides these smaller regions to study the BSM effects

(Described in Sections 2.5.1 and 5.5). Additionally, the STXS framework provides a method

to easily combine measurements from different experiments as well as different production and

decay modes of the Higgs boson. This is due to the similar definition of the kinematic regions

across the different production modes and experiments.

In the previous round of the analysis, an STXS measurement was done using five kinematic

regions, with the WH production split into two pVT regions, and the ZH production split into

three pVT regions. The measurement presented in this thesis aims to study those same regions,

but splitting each one into two smaller regions defined by the number of jets, resulting in

10 STXS regions. This will increase the granularity of the STXS measurement, potentially

improving the sensitivity to BSM effects. It is believed however, that the limited amount of

data may result in large statistical uncertainties, reducing the sensitivity in some of the new

STXS regions. To improve the results, an increase in the pT threshold applied to the non-

tagged central jets is performed, going from pT > 20 GeV to pT > 30 GeV. The idea is

that the increased threshold will improve the correlation between the STXS regions and their

corresponding reconstruction level regions (reco regions), since at the STXS level, a threshold of

pT > 30 GeV is already applied to the truth jets not assigned to the Higgs boson. An improved

correlation between the STXS and reco regions will result in an increased amount of signal in

the reco regions coming from their corresponding STXS regions, thus reducing the correlations

between the STXS signal strengths in the likelihood fit. A reduced correlation between the

signal strengths should decrease the uncertainties on their values.

7.2 Impact of tighter jet pT selections

This section will look at some of the impacts of the tighter additional jet pT selections and

how they cause events to migrate between the number of jet categories. How the correlations

between the reco regions and the STXS regions change, and how the composition of the largest

background, tt̄, is altered due to this tighter selection is studied.

The main motivation behind tightening the additional-jet pT selection is to improve the corre-

lation between the STXS regions and their corresponding reco regions. For example, the STXS

region of WH, 150 <pVT < 250 GeV, zero additional jets will correspond strongest with the

1-lepton, 150 <pVT < 250 GeV, 2-jet reco region. The better the correlation, the better the

measurement of the signal strength and cross-section should be for the STXS regions. This

improved correlation between the analysis and STXS regions will also reduce the correlations

between each POI in the likelihood fit. Since the analysis events require at least two jets, of

which exactly two need to be b-tagged, increasing the threshold on the pT of the non-tagged

central jets will not lead to a vetoing of any events. Instead, events with jets that do not pass

this new threshold will migrate from higher njets regions to lower njets regions. As an example,
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(a)

Figure 7.1: A simple illustration of how the events migrate between the njets categories after
increasing the minimum pT selection on the jets additional to the b-tagged jets. The number of
events per njets category are in arbitrary units. The darker blue represents events that do not
migrate, the light blue represents events that become 2-jet events, purple become 3-jet events
and red become 4-jet events. Since 2-btag jets are always required, no events can migrate out

of the 2-jet region.

if the third jet (which failed the tagging by definition) in a 3-jet event is a central jet with

pT = 25 GeV, when the jet selection is increased from 20 GeV to 30 GeV, this third jet will

no longer be counted as a jet, and the event becomes a 2-jet event. The amount of migration

differs between different processes, as well as what region is being studied. A simple diagram

illustrating this migration is shown in Figure 7.1.

A comparison of pre-fit yields before and after tightening the additional-central-jet pT selection

to 30 GeV is provided in Table 7.1 for the 0-lepton, 2-jet, 150 <pVT < 250 GeV signal region,

and Table 7.2 for the 0-lepton, 3-jet, 150 <pVT < 250 GeV signal region. The pre-fit yields for

all the signal regions are given in Appendix A.1. For the 2-jet region, since events can’t move

out of this category, there is only an increase in events. In the 3-jet region, some events will

move out into the 2-jet region, while others will move in from the ≥ 4-jet regions. The largest

migration occurs for the tt̄ background, since its njets distribution peaks around five jets, with

the two b-quarks coming from the top decays, and the W bosons more likely to decay to quarks

than leptons. A more in depth discussion on the tt̄ background is given in Section 7.2.1.

Comparing the amount of migration happening between the 2- and 3-jet regions, unfortunately

the 3-jet region gets a larger increase in the background compared to the signal, reducing the

S/B in the 3-jet regions.

The impact on these correlations due to the increased jet pT selection can be seen in Figure

7.2. The plot shows the percentage of each STXS region in each reco region, with the 20 GeV

scenario on the left of the vertical lines, and the 30 GeV scenario on the right. For the regions



Measurement of the V H,H → bb̄ process within kinematic regions 119

Table 7.1: The pre-fit yields for the 0-lepton, 2-jet, 150 <pVT < 250 GeV signal region. The
values for the different jet pT selections are shown as well, namely the 20 GeV and 30 GeV
selections, and the ratios are the yields in the 30 GeV case relative to the 20 GeV case. The
percentages in the brackets next to some of the background (signal) yields are the percentage of
that sample relative to the total background (signal) yield. The ZH, pVT ≤ 75 GeV and WH,
pVT ≤ 150 GeV signal samples are the signal events that passed the reco level selections, but do
not belong to any of the STXS regions under study. The V+hf samples are the subset of heavy

flavour samples of the corresponding V+jets samples.

20 GeV 30 GeV Ratio

Z+hf 2050.0 ± 280.0 3420.0 ± 400.0 1.67
Z+jets 2050.0 ± 280.0 (48.7%) 3440.0 ± 400.0 (42.5%) 1.68
W+hf 546.0 ± 65.0 917.0 ± 95.0 1.68
W+jets 565.0 ± 70.0 (13.4%) 950.0 ± 100.0 (11.7%) 1.68

single-top 231.0 ± 43.0 (5.5%) 462.0 ± 84.0 (5.7%) 2
tt̄ 1010.0 ± 210.0 (24.0%) 2760.0 ± 490.0 (34.1%) 2.73

diboson 345.0 ± 97.0 (8.2%) 490.0 ± 130.0 (6.0%) 1.42

ZH, pVT ≤ 75 GeV 0 ± 0 0.0047 ± 0.0074 (0.0%) 0
ZH, 75 <pVT < 150 GeV, naddjets=0 9.6 ± 2.3 (6.9%) 14.8 ± 3.6 (7.3%) 1.54

ZH, 75 <pVT < 150 GeV, naddjets≥ 1 0.52 ± 0.38 (0.4%) 1.16 ± 0.79 (0.6%) 2.2

ZH, 150 <pVT < 250 GeV, naddjets=0 85.0 ± 14.0 (60.7%) 119.0 ± 19.0 (58.5%) 1.4

ZH, 150 <pVT < 250 GeV, naddjets≥ 1 2.9 ± 1.1 (2.1%) 7.7 ± 2.8 (3.8%) 2.7

ZH, 250 <pVT < 400 GeV, naddjets=0 9.2 ± 1.9 (6.6%) 12.2 ± 2.5 (6.0%) 1.33

ZH, 250 <pVT < 400 GeV, naddjets≥ 1 0.43 ± 0.21 (0.3%) 0.99 ± 0.48 (0.5%) 2.3

WH, pVT ≤ 150 GeV 2.21 ± 0.98 (1.6%) 3.8 ± 1.7 (1.9%) 1.7
WH, 150 <pVT < 250 GeV, naddjets=0 22.9 ± 2.8 (16.4%) 33.3 ± 3.1 (16.4%) 1.45

WH, 150 <pVT < 250 GeV, naddjets≥ 1 0.6 ± 0.21 (0.4%) 1.69 ± 0.57 (0.8%) 2.8

WH, 250 <pVT < 400 GeV, naddjets=0 6.34 ± 0.8 (4.5%) 8.21 ± 0.9 (4.0%) 1.29

WH, 250 <pVT < 400 GeV, naddjets≥ 1 0.228 ± 0.083 (0.2%) 0.54 ± 0.19 (0.3%) 2.4

Signal 138.0 ± 19.0 200.0 ± 26.0 1.45
Background 4210.0 ± 510.0 8100.0 ± 840.0 1.92

Data 5177.0 9526.0 1.84

with additional jets, the correlation improves by up to 50% in some regions. While the regions

with no additional jets get slightly worse correlations, they start off high enough that the impact

is small.

A smaller impact of tightening the jet selection is the effect it has on the number of pileup jets.

Since pileup jets tend to have low pT , tightening the selection will reduce the amount of pileup

in the events. A proxy for this is shown in Figure 7.3. Plotted here is the average difference

between the total number of central jets and the number of central jets with a matching truth

jet in the tt̄ sample, as a function of the average number of collisions per bunch crossing, µ. The

truth record is not kept for pileup jets, and so an unmatched reco jet is likely to be a pileup jet.

As can be seen, the increase in the jet pT selection results in a drop of the average number of

unmatched jets by about 50%. The peak of the µ distribution is around 30, as shown in Figure

3.3.
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Table 7.2: The pre-fit yields for the 0-lepton, 3-jet, 150 <pVT < 250 GeV signal region. The
values for the different jet pT selections are shown as well, namely the 20 GeV and 30 GeV
selections, and the ratios are the yields in the 30 GeV case relative to the 20 GeV case. The
percentages in the brackets next to some of the background (signal) yields are the percentage of
that sample relative to the total background (signal) yield. The ZH, pVT ≤ 75 GeV and WH,
pVT ≤ 150 GeV signal samples are the signal events that passed the reco level selections, but do
not belong to any of the STXS regions under study. The V+hf samples are the subset of heavy

flavour samples of the corresponding V+jets samples.

20 GeV 30 GeV Ratio

Z+hf 2920.0 ± 320.0 3880.0 ± 420.0 1.33
Z+jets 2930.0 ± 320.0 (27.9%) 3900.0 ± 420.0 (19.2%) 1.33
W+hf 1170.0 ± 110.0 1740.0 ± 150.0 1.49
W+jets 1190.0 ± 110.0 (11.3%) 1780.0 ± 150.0 (8.8%) 1.5

single-top 750.0 ± 140.0 (7.1%) 1380.0 ± 280.0 (6.8%) 1.84
tt̄ 5200.0 ± 1200.0 (49.5%) 12800.0 ± 2200.0 (63.1%) 2.46

diboson 370.0 ± 110.0 (3.5%) 410.0 ± 130.0 (2.0%) 1.11

ZH, pVT ≤ 75 GeV 0.006 ± 0.013 (0.0%) 0.007 ± 0.012 (0.0%) 1.14
ZH, 75 <pVT < 150 GeV, naddjets=0 6.5 ± 2.6 (5.0%) 4.7 ± 2.1 (3.4%) 0.72

ZH, 75 <pVT < 150 GeV, naddjets≥ 1 4.0 ± 1.2 (3.1%) 6.9 ± 2.1 (5.0%) 1.73

ZH, 150 <pVT < 250 GeV, naddjets=0 45.6 ± 8.7 (34.8%) 29.1 ± 6.6 (21.1%) 0.64

ZH, 150 <pVT < 250 GeV, naddjets≥ 1 35.7 ± 8.0 (27.3%) 56.0 ± 12.0 (40.5%) 1.57

ZH, 250 <pVT < 400 GeV, naddjets=0 4.03 ± 0.79 (3.1%) 2.32 ± 0.55 (1.7%) 0.58

ZH, 250 <pVT < 400 GeV, naddjets≥ 1 4.3 ± 1.1 (3.3%) 6.4 ± 1.6 (4.6%) 1.49

WH, pVT ≤ 150 GeV 2.49 ± 0.71 (1.9%) 2.7 ± 0.87 (2.0%) 1.08
WH, 150 <pVT < 250 GeV, naddjets=0 14.7 ± 1.7 (11.2%) 10.8 ± 1.6 (7.8%) 0.73

WH, 150 <pVT < 250 GeV, naddjets≥ 1 7.6 ± 1.1 (5.8%) 12.8 ± 1.6 (9.3%) 1.68

WH, 250 <pVT < 400 GeV, naddjets=0 3.43 ± 0.42 (2.6%) 2.51 ± 0.36 (1.8%) 0.73

WH, 250 <pVT < 400 GeV, naddjets≥ 1 2.57 ± 0.39 (2.0%) 3.85 ± 0.5 (2.8%) 1.5

Signal 128.0 ± 15.0 136.0 ± 16.0 1.06
Background 10500.0 ± 1300.0 20300.0 ± 2300.0 1.93

Data 11114.0 21347.0 1.92
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(a)

Figure 7.2: A correlation plot between the reconstruction level signal regions (y-axis) and the
STXS regions (x-axis) used in the ten parameter-of-interest studies. Shown is the percentage
of each STXS region per each reconstruction level region, with the 20 GeV jet pT selections on
the left of the vertical bars, and the 30 GeV jet pT selections on the right. Each row sums up
to 100 per left or right side of the vertical line, within rounding. The number of jets for the
reco regions are the total number of jets, while for the STXS regions it’s the number of jets

additional to the two b-quark jets. The units of the pVT are all in GeV.
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(a)

Figure 7.3: A plot of the event averaged difference between the total number of central
jets and the number of central jets with a matching truth jet, as a function of the number of
collisions per bunch crossing, µ. This acts as a proxy for the number of pileup jets as a function
of the number of collisions, since jets with no matched truth jet are likely to be pileup jets.
Shown is the tt̄ sample in the 0-lepton channel, with ≥ 2 jets and EmissT ≥ 150 GeV. The blue
histogram represents the pileup jets for the 20 GeV jet pT selection, while the red histogram is
for the 30 GeV selection. Most of the events lie in the range 10 < µ < 50, with a peak at 30. In
the legend is also shown the average number of pileup jets averaged over the range of collisions

per bunch crossing.
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7.2.1 Impact on tt̄ flavour composition

As shown in Tables 7.1 and 7.2, there is almost a 150% increase in the tt̄ background after

tightening the jet pT selection to 30 GeV. This makes the tt̄ background far more dominant,

especially in the 3-jet regions. To better understand what is happening, the flavour composition

and decay of the tt̄ processes is studied.

The first study is decomposing the tt̄ sample into its dominant flavours, i.e., into bb and bc

flavours, in the higher pVT regions of the 3-jet regions. Shown in Figure 7.4 are the ∆R(b1, b2)-pVT

distributions for the bb and bc components of the tt̄ background in the 0-lepton, 3-jet, 250 <

EmissT < 400 GeV region. The bc component of the tt̄ background is more signal-like, and while

the bb component is the dominant flavour of the tt̄ sample, the bc component becomes more

dominant in the SR due to the signal region selections at high EmissT . From studies performed

by the author, the minimum ∆φ between the EmissT and the jets in the event was found to be

> 135◦ for the bc component, yet < 90◦ for the bb component. This, along with the smaller ∆R

between the two b-tagged jets in the bc component implies that the two b-tagged jets come from

the same top-quark decay. The other top-quark decay in the bc component likely falls outside

of the detector acceptance, providing the large EmissT that is almost opposite in direction to the

direction of the b-tagged dijet system. This results in the high EmissT regions having a different

flavour composition compared to the lower EmissT regions.

Additionally, in the BDT distribution of the tt̄ events split by flavour in the 3-jet region in

Figure 7.5, the bc component peaks at the right of the distribution, where the signal events also

peak, especially in the high pVT region. There is also a slight shift in the distribution towards the

right when tightening the jet pT selections, so not only is there an increase in the tt̄ background

with the tighter selections, but that background is also more signal-like. Finally, the decay of

the W -bosons from the top-quark decays in tt̄ events are shown in Figure 7.6 for the 2-jet, 0-

and 1-lepton channels, after tightening the jet pT selections. The histograms are split by the

njets region that the events migrated from. In the 0-lepton channel, the dominant decay of the

W -bosons include at least one decaying to a τ -lepton, with most of the migrated events having

one W -boson decaying hadronically and the other decays to a τ -lepton. The dominance of the

τ -lepton decays makes sense since the requirement on the number of jets (exactly two or exactly

three) reduces the contribution from both W -bosons decaying hadronically. The lepton (e, µ)

veto then reduces the contribution from both W -bosons decaying leptonically. This leaves the

events that have at least one W -boson decaying to a τ -lepton, which then decays hadronically,

passing the event selections due to no distinction between quark-induced jets and τ -induced

jets. While the 1-lepton channel is dominated by the semi-leptonic tt̄ decays, especially in the

migrated events, there is a large contribution from dileptonic decays with the one W -boson

decaying to a τ -lepton.
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(a) (b)

Figure 7.4: The two-dimensional ∆R(b1, b2)-pVT distribution for the 0-lepton, 3-jet,
250 <pVT < 400 GeV tt̄ background for the 30 GeV jet pT selection. In figure (a) is the
truth bb flavoured component, while (b) shows the truth bc flavoured component. The red lines
are the boundaries of the signal region to the control regions. As a reminder, pVT in the 0-lepton

channel is defined as EmissT .

(a) (b)

Figure 7.5: The BDT distributions of the tt̄ background in the 1-lepton, 3-jet signal regions
split by the truth flavour of the tagged jets. Figure (a) is the 150 <pVT < 250 GeV region, and
figure (b) is the 250 <pVT < 400 GeV region. In red (magenta) are the bb flavoured events for
the 20 GeV and 30 GeV jet pT selections respectively, while in blue (cyan) are the bc flavoured
events for the 20 GeV and 30 GeV jet pT selections respectively. All histograms are normalised

to the same area.
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(a) (b)

Figure 7.6: Histograms showing the decays of the two W -bosons from the top quark decays
in tt̄ events in the 2-jet, 150 <pVT < 250 GeV signal regions with the 30 GeV jet pT selections,
for the 0-lepton (a) and 1-lepton (b) channels. The possible decays shown for the W -bosons are
to two quarks (j), or an electron/muon/tau lepton (e, µ, τ) plus neutrino. The black histogram
represents the events that do not migrate, corresponding to the distribution for the 20 GeV
selections. The other histograms show how many jets were lost in the events that migrated to
the 2-jet region after tightening the additional-jet pT selection to 30 GeV. The blue histogram
represents the old 3-jet events, red was the 4-jet events and the magenta was ≥ 5-jet events. All
histograms are normalised to the same area. The bottom panel shows the ratio of the migrated
events to those that did not migrate. In the legend, NEntries is the number of simulated events,

while SoW is the sum-of-weights for those events.
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7.3 STXS measurements

This section presents the results of the STXS measurements performed using a maximum like-

lihood fit. The focus is on the 10 POI STXS measurement, and comparing the two different

additional central jet pT selections of 20 GeV and 30 GeV. There will also be a brief look at the

other STXS POI schemes, namely those shown in Table 5.9, as well as some fits measuring the

signal strengths defined by the reco regions instead of the STXS regions.

7.3.1 Results

For the results of the 10 POI STXS fits as well as the impact of the tighter jet pT selections,

the significances and signal strength measurements will be shown. Unless otherwise stated, all

the observed results are from unconditional fits to data, i.e., all the parameters in the fit are

allowed to vary. The expected significances are obtained from a fit to an Asimov dataset built

using the post-fit parameters from a conditional fit to data, i.e., the parameters-of-interest are

the only parameters not allowed to vary in the fit.

Starting with the significances, the results of the five POI STXS fits are shown in Table 7.3,

along with the one and two POI STXS results. While the values of the expected significances

somewhat agree between the two different jet pT selections, there are noticeable differences

with the observed significances, especially in the WH regions. Both selections observe the ZH

process above 5 sigma, and the WH process above 4 sigma. However, all the WH significances

get worse with the increased pT selection, and most of the ZH significances are worse as well.

More interesting results are in the 10 POI STXS fits, the significances of which are shown

in Table 7.4. Comparing the expected significances between the 20 and 30 GeV additional

jet pT selections, they all increase when tightening the selection, except for the WH, naddjets=1

POIs. Almost all the naddjets=0 POIs have an observed significance higher than expected. Only

two of the POIs with naddjets≥ 1 in the 20 GeV case have a decrease in significance between

expected and observed, whereas four of those POIs in the 30 GeV case drop, with three having

decreases large enough to make the significances negative. These three happen to have the

lowest expected significances as well however. Comparing the observed significances, all of the

naddjetsgeq1 POIs have decreased significances when tightening the additional jet pT selections,

while all the naddjets=0 POIs increase, except for the WH, 150 <pV,truthT < 250. This suggests

some bias towards the number of jets in the events. The increase in the expected significances,

especially of the naddjetsgeq1 POIs, is what was used to justify the increased pT selections on the

additional central jets. But it seems the data favours a large decrease in the normalisation of

some of these signal samples, as can be seen in the yield tables in Appendix A.1. However,

despite these large decreases in normalisation, the uncertainties on their yields are very large,
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Table 7.3: Significances for the fits to the 5 POI STXS scheme, for the jet pT selection of 20
GeV and 30 GeV. The expected values come from an Asimov fit built from a conditional fit to
data, while the observed is from the unconditional fit to data. Also shown are the results from

the 2 (1) POI STXS fits, split only by WH and ZH (fully inclusive).

STXS regions 20 GeV 30 GeV
Exp. Obs. Exp. Obs.

WH, 150 <pW,truthT < 250 GeV 2.566 3.339 2.397 2.558

WH, 250 <pW,truthT < 400 GeV 2.850 3.133 2.583 2.947
WH 4.069 4.901 3.658 4.069

ZH, 75 <pZ,truthT < 150 GeV 1.417 1.397 1.298 1.539

ZH, 150 <pZ,truthT < 250 GeV 3.234 4.826 3.224 4.449

ZH, 250 <pZ,truthT < 400 GeV 2.988 2.311 2.969 2.232
ZH 4.605 5.402 4.529 5.033

VH 6.366 7.561 6.220 6.948

Table 7.4: Significances for the fits to the 10 POI STXS scheme, for the jet pT selection of
20 GeV and 30 GeV. The expected values come from an Asimov fit built from a conditional fit

to data, while the observed is from the unconditional fit to data.

STXS regions 20 GeV 30 GeV
Exp. Obs. Exp. Obs.

WH, 150 <pW,truthT < 250 GeV, naddjets= 0 2.130 2.735 2.075 2.621

WH, 150 <pW,truthT < 250 GeV, naddjets≥ 1 0.341 0.563 0.459 -0.056

WH, 250 <pW,truthT < 400 GeV, naddjets= 0 2.397 2.929 2.173 3.129

WH, 250 <pW,truthT < 400 GeV, naddjets≥ 1 0.482 0.087 0.710 -0.131

ZH, 75 <pZ,truthT < 150 GeV, naddjets= 0 1.062 1.184 1.128 1.796

ZH, 75 <pZ,truthT < 150 GeV, naddjets≥ 1 0.565 0.400 0.720 -0.145

ZH, 150 <pZ,truthT < 250 GeV, naddjets= 0 2.407 3.126 2.736 3.749

ZH, 150 <pZ,truthT < 250 GeV, naddjets≥ 1 1.048 2.170 1.260 1.258

ZH, 250 <pZ,truthT < 400, naddjets= 0 2.236 1.120 2.431 1.940

ZH, 250 <pZ,truthT < 400, naddjets≥ 1 0.961 1.607 1.176 0.512

and in both the 20 GeV and the 30 GeV additional jet pT selection cases. This suggests a

statistical limitation for these POIs.

Looking at the reco fits with the 14 POIs being the 14 signal regions at the reco level with no

STXS definitions, for which the significances are shown in Table 7.5, a similar story is shown

there. All the 3-jet regions do worse in the 30 GeV case, for both expected and observed
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Table 7.5: Significances for the fits to the 14 signal reconstruction regions, for the jet
pT selection of 20 GeV and 30 GeV. The expected values come from an Asimov fit built from
a conditional fit to data, while the observed is from the unconditional fit to data. Also shown

are the results from the three POI fit to the reconstruction regions, split only by lepton.

Reco. regions 20 GeV 30 GeV
Exp. Obs. Exp. Obs.

0 Lep, 150 GeV < pVT < 250 GeV, njets= 2 2.600 3.425 2.628 4.008
0 Lep, 250 GeV < pVT < 400 GeV, njets= 2 2.464 2.054 2.552 2.947
0 Lep, 150 GeV < pVT < 250 GeV, njets= 3 1.709 1.760 1.293 1.573
0 Lep, 250 GeV < pVT < 400 GeV, njets= 3 1.760 1.888 1.408 0.879

0 Lep combined 3.920 4.180 3.789 4.562

1 Lep, 150 GeV < pVT < 250 GeV, njets= 2 2.720 3.503 2.702 3.389
1 Lep, 250 GeV < pVT < 400 GeV, njets= 2 2.912 3.435 2.681 3.233
1 Lep, 150 GeV < pVT < 250 GeV, njets= 3 1.736 2.086 1.131 0.126
1 Lep, 250 GeV < pVT < 400 GeV, njets= 3 1.676 1.477 1.411 0.392

1 Lep combined 4.304 5.087 3.955 4.032

2 Lep, 75 GeV < pVT < 150 GeV, njets= 2 1.117 1.376 1.132 1.979
2 Lep, 150 GeV < pVT < 250 GeV, njets= 2 2.095 2.455 2.265 2.991
2 Lep, 250 GeV < pVT < 400 GeV, njets= 2 1.760 0.961 1.905 1.065
2 Lep, 75 GeV < pVT < 150 GeV, njets≥ 3 1.109 1.086 0.964 0.126
2 Lep, 150 GeV < pVT < 250 GeV, njets≥ 3 2.197 4.131 1.801 1.806
2 Lep, 250 GeV < pVT < 400 GeV, njets≥ 3 1.742 1.784 1.494 0.759

2 Lep combined 3.957 4.807 3.767 3.822

significances, along with the 2-jet 1-lepton regions, while the 0- and 2-lepton 2-jet regions

do the opposite. The combined 0-lepton observed is better in the 30 GeV case, while the

other lepton channels are worse. The combined 1-lepton result in the 20 GeV case is the

only one to pass the 5 sigma value. With most of the 3-jet regions having a lower observed

significance than the expected in the 30 GeV case points to potential mismodelling of the

backgrounds. Another possible cause of this, or maybe even in conjunction with mismodelling,

is the migrations occurring from increasing the jet pT selections. In the 3-jet regions there is

an increase in the number of backgrounds similar to the increase in the 2-jet regions, however

the increase in the amount of signal is a lot smaller, so the signal to background ratio decreases

more in the 3-jet regions compared to the 2-jet regions. This can be seen when comparing the

2-jet Table 7.1 to the 3-jet Table 7.2 of the 0-lepton, 150 < pVT < 250 GeV, signal region pre-fit

yields.
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Moving on to the signal strength results, and as a reminder, the signal strengths are essentially

the ratio of the amount of signal measured vs the amount of expected signal:

µV H =
[σV H × BR(H → bb̄)]measured

[σV H × BR(H → bb̄)]theory
. (7.1)

The inclusive V H signal strengths and the WH and ZH results are shown in Figure 7.7. The

V H signal strength for the 30 GeV case is the only value that lies just outside 1 sigma from

a central value of 1. The results from the ATLAS paper [23] were V H = 1.02 ± 0.18, WH =

0.95± 0.26 and ZH = 1.08± 0.24, and from the CMS paper [161] they were V H = 1.15± 0.21,

WH = 1.31± 0.35 and ZH = 1.07± 0.24. To be noted, in the CMS paper, the 0- and 1-lepton

channels have a pT cut of 25 GeV applied to all jets, while in 2-lepton it is 20 GeV. Their 0-lepton

channel also has tighter cuts applied to the tagged jets of 60 GeV and 35 GeV for the leading

and sub-leading jets respectively. The central values of the signal strengths for this thesis are

larger than the previous round of this analysis (The ATLAS results just mentioned), particularly

for the 20 GeV case, and the uncertainties are slightly larger as well. This is interesting, since

the 30 GeV case seems to have results closer to the previous round, despite the previous round

using 20 GeV.

The results for the 5 POI fits are given in Figure 7.8. The two pVT > 250 regions agree well

between the 20 and 30 GeV jet selections, while the 150 GeV < pVT < 250 GeV regions are

slightly closer to 1 in the 30 GeV. The ZH, 75 < pZT < 150 GeV signal strength has flipped

sides of 1 between the two different selections. All signal strengths agree with 1 within 1 sigma,

except for ZH, 150 < pZT < 250 GeV which for both selections agree comfortably within 2

sigma. The uncertainties on the two WH and the low pVT ZH get worse in the 30 GeV case,

which happens to be the same regions that the three negative significances fall into.

The results for the 10 POI fits are shown in Figure 7.9. The uncertainties on the signal strengths

in the naddjets≥ 1 regions are very large, showing that the 5 POI results are dominated by the

naddjets= 0 STXS regions. The 30 GeV jet pT selections reduce these uncertainties by around 25%.

However, in agreement with the significances, the 30 GeV signal strengths for the naddjets≥ 1 events

in the WH regions and the low pVT ZH region have negative central values. This implies that

the background predictions in the regions dominated by these POIs are larger than the data,

and thus a negative signal is required to match the data and MC better. While some of the

POIs have shifted quite a bit after increasing the jet pT selections, the 20 GeV and 30 GeV

signal strengths still agree within uncertainty. Most of the signal strengths also agree with µ = 1

within 1 sigma, while the rest comfortably agree within 2 sigma.

The only comparisons to be made with the published results are the two ZH, 150 < pZT < 250

GeV values in the CMS paper, since this is the only STXS region that they split by the number

of jets. They get µ = 0.42 ± 0.48 for the naddjets= 0 POI, and µ = −0.56 ± 1.06 for the naddjets≥ 1

POI. While both are below µ = 1 within 1 sigma, the results in this thesis for those same POIs

all have central values above µ = 1, with some above µ = 1 within 1 sigma. So, CMS gets
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the opposite results for these regions. In the ATLAS combined paper [23], they unfortunately

do not split the WH POIs by naddjets, so only a comparison of the ZH results can be made. In

addition, the ATLAS paper only has cross section measurement results, whereas this thesis only

has signal strength results. Within uncertainties, the results in this thesis agree with those in

the ATLAS paper. In particular, for the ZH, 75 < pZT < 150 GeV signal strengths, a similar

trend is observed. The central value of the naddjets=0 signal strength is above 1, with the naddjetsgeq1

central value well below 1 and with a large uncertainty bad. However, their ZH, 75 < pZT <

150 GeV, naddjetsgeq1 signal strengths is above 0.

The signal strengths for the 14 reco POIs are shown in Figure 7.10. The 20 GeV results agree

comfortably with µ = 1 within 1 sigma, except for 2-lepton, 150 < pZT < 250 GeV, njets≥ 3

jets. This is the reco region within which the ZH, 150 < pZT < 250 GeV, naddjets≥1 STXS region

is most dominant, which also lay just outside of 1 sigma away from µ = 1. In the 30 GeV case,

there are a few that only just agree µ = 1 within 1 sigma, and the regions most correlated with

the STXS regions in the 10 STXS POI fit that have a negative signal strength are all quite close

to zero, though not negative. The anti-correlations between the STXS POIs that differ only by

naddjets may be the cause for the negative signal strengths observed in the STXS fit (see Figure

7.11). The correlations are obtained from the covariance matrix of the fit, defined as:

ρij =
1

σiσj
covij , (7.2)

where ρij is the correlation between parameter i and j, covij is the covariance between the

two parameters i and j, and σi and σj are the uncertainties on the parameters i and j. The

correlations show us how much one parameter changes with respect to a change in another

parameter. While the correlations are reduced in the 30 GeV case as compared to the 20 GeV

case, and predicted by Figure 7.2, the naddjets=0 POIs could be overpowering the naddjets≥1 POIs

because of how much lower the S/B is in the 3-jet reco regions, where the naddjets≥1 POIs are

most prominent. The signal strengths of the naddjets=0 POIs are mostly being determined in the

2-jet reco regions where they are quite dominant, and their sub-dominant, but large presence

in the 3-jet regions cause the fit to reduce the naddjets≥1 POI signal strengths.
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(a) (b)

Figure 7.7: Signal strength measurements for both the 2 and 1 POI STXS schemes, for the
20 GeV jet pT selections (a) and 30 GeV (b). Shown are the central values, with the statistical

uncertainty given by the green bands, and the total uncertainty given by the black bands.

(a) (b)

Figure 7.8: Signal strength measurements for the 5 POI STXS scheme, for the 20 GeV jet
pT selections (a) and 30 GeV (b). Shown are the central values, with the statistical uncertainty

given by the green bands, and the total uncertainty given by the black bands.
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(a) (b)

Figure 7.9: Signal strength measurements for the 10 POI STXS scheme, for the 20 GeV jet
pT selections (a) and 30 GeV (b). Shown are the central values, with the statistical uncertainty
given by the green bands, and the total uncertainty given by the black bands. In these plots,

nJ is the equivalent of naddjets.

(a) (b)

Figure 7.10: Signal strength measurements for each of the 14 signal reconstruction regions,
for the 20 GeV jet pT selections (a) and 30 GeV (b). Shown are the central values, with the
statistical uncertainty given by the green bands, and the total uncertainty given by the black

bands. In these plots, nJ is the equivalent of njets.
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Figure 7.11: Correlations between each of the parameters of interest in the 10 POI STXS
fit, for the 20 GeV jet pT selections (a) and 30 GeV (b). In these plots, nJ is the equivalent of

naddjets.
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7.3.2 Uncertainty rankings and breakdowns

Looking closer at the uncertainties of the different POIs, there are the nuisance parameter

rankings, pulls and POI uncertainty breakdowns. The nuisance parameter rankings rate the

impact of the different nuisance parameters on the signal strength being measured. Once the

unconditional fit has been performed, each nuisance parameter α is varied to its ±1σ value and

fixed to that value. The fit is then redone and the change in the signal strength of the POI is

observed. This shows which nuisance parameters the signal strength is most sensitive to.

How much the nuisance parameters change in the fit can be seen by looking at the normalised

pulls. The normalised pulls are defined as the difference in the best fit value (α̂) of a nuisance

and its pre-fit value (α0), and normalised by its pre-fit error (σα0). Or mathematically:

pull =
α̂− α0

σα0

. (7.3)

The post-fit uncertainty of a nuisance parameter is obtained from the covariance matrix, such

that:

σ2
αi = covαi,αi =

(
−∂

2 ln(L)

∂αi∂αi

)−1

(7.4)

If the fit is particularly sensitive to the nuisance parameter, the uncertainty is considered to

be “constrained” and the post-fit uncertainty will be smaller than the pre-fit value. Otherwise,

the post-fit uncertainty should stay the same as the pre-fit value. So, when looking at the nor-

malised pulls, the central value indicates how many sigmas the fit wants to move the parameter

from its pre-fit value. And the smaller the error band is, the more information there is from the

data in understanding this parameter and thus the more constrained the parameter is.

To understand the impact of a group of nuisance parameters on a certain POI, e.g. the param-

eters related to tt̄, an uncertainty breakdown is done. After the unconditional fit to the data

is performed, an additional fit is performed where all the nuisance parameters from a group

are fixed to their central values. The impact on the uncertainty of the signal strength is then

defined as the quadrature difference between the uncertainty obtained from the unconditional

fit (σµ̂) and the new uncertainty obtained after fixing the nuisance parameters (σfix
µ̂ ), such as

impact=
√

(σµ̂)2 − (σfix
µ̂ )2. The total statistical impact is obtained by fitting all the non-floating

normalisations to their nominal value, and letting only the free-floating normalisations vary. The

total systematic impact is the difference in quadrature between the nominal uncertainty and

the statistical uncertainty. The “data statistics only” impact is the uncertainty obtained when

all the nuisance parameters are fixed to their nominal values. The floating normalisation un-

certainty is the quadrature difference between the nominal error and the error from a fit where

only the normalisation factors are fixed to their best fit value.

The ranking plots for two of the negative signal strength POIs of the 30 GeV jet pT selection

are given in Figure 7.12 for the WH, 250 < pWT < 400 GeV, naddjets≥ 1 POI and Figure 7.13 for
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the ZH, 75 < pZT < 150 GeV, naddjets≥ 1 POI. A comparison between the 20 GeV and 30 GeV se-

lections is also made in these figures. For the WH POI, the nuisance parameter with the largest

impact is the correlated POI WH, 250 < pWT < 400 GeV, naddjets=0, with the tt̄ and W+jets

normalisation and shape uncertainties following that. While for the 20 GeV case one of the

shape uncertainties for the multijet background ranks very high, this same parameter drops in

the 30 GeV case, but the normalisation for the multijet background (alpha SysMJNorm El J3)

now becomes very dominant. The WH, 250 < pWT < 400 GeV, naddjets≥ 1 POI is most dominant

in the 1-lepton, 3-jet, 250 < pWT < 400 GeV reco region, and this reco region has the most

dominant multijet contribution. The ZH POI has the correlated POI ZH, 75 < pZT < 150 GeV,

naddjets=0 as the largest impact in 20 GeV while in 30 GeV the largest impact is the statistical

uncertainty on the data-driven top estimate (MVA DDStat) in the right most bin in the BDT

distribution in the 2-lepton, 75 < pZT < 150 GeV, njets≥ 3 region. The reduction in the corre-

lations of the POIs is most likely why the correlated POI is no longer ranking in the 30 GeV

case. The ranking plots for all 10 of the POIs is provided in Appendix B.1.
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(a) (b)

Figure 7.12: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the WH, 250 < pWT < 400 GeV, naddjets≥ 1 signal strength µ̂ for the 20 GeV jet
pT selections (a) and 30 GeV (b). The blue boxes, relating to the top x-axis, show the post-fit
impact on µ̂ after fixing the nuisance parameter to the ±1σ post-fit uncertainty, and re-running
the fit. The solid yellow box shows the pre-fit impact. The black points, relating to the bottom
x-axis, are the pulls, illustrating how much the parameter deviates from its pre-fit value, with
the error bands showing post-fit error, and both normalised by the pre-fit error. The red points
are the free floating normalisations, with the pre-fit values set to unity. MCStat is the total

statistical uncertainty, per bin, of all the non-data samples.
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(a) (b)

Figure 7.13: The ranking of the nuisance parameters, in descending order, in terms of
their impact on the ZH, 75 < pZT < 150 GeV, naddjets≥ 1 signal strength µ̂ for the 20 GeV jet
pT selections (a) and 30 GeV (b). The blue boxes, relating to the top x-axis, show the post-fit
impact on µ̂ after fixing the nuisance parameter to the ±1σ post-fit uncertainty, and re-running
the fit. The solid yellow box shows the pre-fit impact. The black points, relating to the bottom
x-axis, are the pulls, illustrating how much the parameter deviates from its pre-fit value, with
the error bands showing post-fit error, and both normalised by the pre-fit error. The red points
are the free floating normalisations, with the pre-fit values set to unity. MCStat is the total
statistical uncertainty, per bin, of all the non-data samples, while “DDt stat” is the statistical

uncertainty, per bin, for just the data-driven top estimate.
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Table 7.6: Breakdown of the contributions to the total uncertainty on the signal strength of
each parameter of interest in the 10 POI unconditional STXS fit to data, for the jet pT selection

of 30 GeV. Shown in this table are all the WH signal strengths.

Uncertainty source WH, naddjets= 0, WH, naddjets≥ 1, WH, naddjets= 0, WH, naddjets≥ 1,

150 < pWT < 250 150 < pWT < 250 250 < pWT < 400 250 < pWT < 400
GeV GeV GeV GeV

µ value 1.26 -0.13 1.5 -0.19
Total uncertainty 0.503 2.275 0.530 1.477

DataStat 0.376 1.486 0.424 1.182
FullSyst 0.334 1.723 0.318 0.884

Data stat only 0.324 1.250 0.374 1.035
MC stat 0.115 0.543 0.108 0.364

Top-emu CR stat 0.024 0.167 0.020 0.044
Floating normalisations 0.193 0.910 0.167 0.568

Modelling: VH 0.091 0.224 0.152 0.195
Modelling: Background 0.200 0.849 0.204 0.666

Multijet 0.052 0.399 0.066 0.384
Modelling: single-top 0.061 0.281 0.023 0.163

Modelling: ttbar 0.152 0.709 0.053 0.275
Modelling: W+jets 0.093 0.241 0.187 0.445
Modelling: Z+jets 0.077 0.161 0.042 0.135

Modelling: Diboson 0.068 0.168 0.074 0.102

Experimental Syst 0.164 1.021 0.112 0.359
Detector: lepton 0.005 0.031 0.004 0.007
Detector: MET 0.042 0.244 0.058 0.089
Detector: JET 0.132 0.755 0.076 0.288

Detector: FTAG (b-jet) 0.039 0.289 0.031 0.057
Detector: FTAG (c-jet) 0.057 0.425 0.038 0.141
Detector: FTAG (l-jet) 0.005 0.100 0.015 0.007

Detector: PU 0.047 0.134 0.026 0.113
Lumi 0.008 0.018 0.011 0.012

The breakdowns of the uncertainties for all the WH POIs are given in Table 7.6 and the ZH

POIs are given in Table 7.7, both for the 30 GeV jet pT selection. For a comparison of these to

the 20 GeV selections, see Appendix B.2. For the WH POIs, the dominant modelling uncer-

tainties are for the tt̄ background in the medium pVT region and the W+jets background in the

high pVT region. For the ZH POIs, the dominant modelling uncertainties are from the Z+jets

background, and in the low pVT region the data-driven top estimate.
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Table 7.7: Breakdown of the contributions to the total uncertainty on the signal strength of
each parameter of interest in the 10 POI unconditional STXS fit to data, for the jet pT selection

of 30 GeV. Shown in this table are all the ZH signal strengths.

Uncertainty source ZH, naddjets= 0, ZH, naddjets≥ 1, ZH, naddjets= 0, ZH, naddjets≥ 1, ZH, naddjets= 0, ZH, naddjets≥ 1,

75 < pZT < 150 75 < pZT < 150 150 < pZT < 250 150 < pZT < 250 250 < pZT < 400 250 < pZT < 400
GeV GeV GeV GeV GeV GeV

µ value 1.7 -0.2 1.5 1.01 0.89 0.45
Total uncertainty 0.990 1.391 0.495 0.863 0.499 0.909

DataStat 0.671 1.146 0.360 0.707 0.447 0.827
FullSyst 0.728 0.787 0.338 0.492 0.219 0.377

Data stat only 0.560 0.901 0.320 0.610 0.419 0.771
MC stat 0.275 0.308 0.095 0.151 0.103 0.174

Top-emu CR stat 0.243 0.401 0.035 0.109 0.019 0.048
Floating normalisations 0.424 0.414 0.199 0.357 0.139 0.249

Modelling: VH 0.202 0.302 0.235 0.258 0.132 0.168
Modelling: Background 0.487 0.499 0.175 0.227 0.143 0.261

Multijet 0.016 0.059 0.024 0.017 0.030 0.040
Modelling: single-top 0.037 0.036 0.015 0.032 0.005 0.027

Modelling: ttbar 0.118 0.196 0.120 0.156 0.073 0.073
Modelling: W+jets 0.094 0.068 0.032 0.034 0.019 0.062
Modelling: Z+jets 0.370 0.335 0.115 0.151 0.071 0.163

Modelling: Diboson 0.094 0.097 0.073 0.053 0.047 0.024

Experimental Syst 0.506 0.501 0.149 0.248 0.068 0.147
Detector: lepton 0.148 0.051 0.029 0.056 0.013 0.034
Detector: MET 0.324 0.371 0.048 0.037 0.035 0.067
Detector: JET 0.321 0.317 0.128 0.223 0.044 0.109

Detector: FTAG (b-jet) 0.199 0.188 0.021 0.101 0.020 0.040
Detector: FTAG (c-jet) 0.018 0.011 0.033 0.018 0.009 0.020
Detector: FTAG (l-jet) 0.014 0.036 0.009 0.013 0.005 0.020

Detector: PU 0.000 0.015 0.022 0.024 0.026 0.007
Lumi 0.014 0.011 0.011 0.009 0.007 0.007
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7.3.3 Data-MC comparisons

The final thing to have a look at is how well the MC distributions match the data distributions

after the likelihood fit. The 14 signal region post-fit MVA distributions in log-scale, of both the

20 and the 30 GeV jet pT selections, are shown in Figures 7.14 for the 0-lepton 2-jet regions,

Figure 7.15 for the 0-lepton 3-jet regions, Figure 7.16 for the 1-lepton 2-jet regions, Figure 7.17

for the 1-lepton 3-jet regions, Figure 7.18 for the 2-lepton 2-jet regions, and Figure 7.19 for the

2-lepton ≥ 3-jet regions. The log scale emphasizes how small the signal is in the reco regions

best corresponding to the STXS regions that had negative signal strengths. Or in other words,

the two 3-jet 1-lepton regions, and the ≥ 3-jet, 75< pVT <150 GeV 2-lepton region. All the MVA

distributions have the transformation D applied to the binning, as described in Section 5.2.4.

The pre-fit and post-fit Data-MC distributions of the 14 signal regions (with no log-scale) and

28 control regions, as defined in the likelihood fit, are provided in Appendix A.3. A comparison

of the pre-fit to post-fit yields for all the signal regions are provided in Appendix A.1. For a

comparison of the control region yields, looking at the Data-MC plots should be fine since they

are single-binned distributions.
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(a) (b)

(c) (d)

Figure 7.14: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
0-lepton, 2-jet, signal regions. The top row shows the 150 <pVT < 250 GeV region, while the
bottom row shows the 250 <pVT < 400 GeV region. The left column has the jet pT selections
of 20 GeV, while the right column has jet pT selections of 30 GeV. The red line is the signal
(filled red histogram) scaled by the factor given in the legend so that the shape of the signal
is easier to see, and the dashed blue line is the total pre-fit background. The bottom sub-plot
shows the ratio of the data to the theory prediction, along with the relative post-fit error given

by the shaded band.
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(a) (b)

(c) (d)

Figure 7.15: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
0-lepton, 3-jet, signal regions. The top row shows the 150 <pVT < 250 GeV region, while the
bottom row shows the 250 <pVT < 400 GeV region. The left column has the jet pT selections
of 20 GeV, while the right column has jet pT selections of 30 GeV. The red line is the signal
(filled red histogram) scaled by the factor given in the legend so that the shape of the signal
is easier to see, and the dashed blue line is the total pre-fit background. The bottom sub-plot
shows the ratio of the data to the theory prediction, along with the relative post-fit error given

by the shaded band.
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(a) (b)

(c) (d)

Figure 7.16: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
1-lepton, 2-jet, signal regions. The top row shows the 150 <pVT < 250 GeV region, while the
bottom row shows the 250 <pVT < 400 GeV region. The left column has the jet pT selections
of 20 GeV, while the right column has jet pT selections of 30 GeV. The red line is the signal
(filled red histogram) scaled by the factor given in the legend so that the shape of the signal
is easier to see, and the dashed blue line is the total pre-fit background. The bottom sub-plot
shows the ratio of the data to the theory prediction, along with the relative post-fit error given

by the shaded band.
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(a) (b)

(c) (d)

Figure 7.17: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
1-lepton, 3-jet, signal regions. The top row shows the 150 <pVT < 250 GeV region, while the
bottom row shows the 250 <pVT < 400 GeV region. The left column has the jet pT selections
of 20 GeV, while the right column has jet pT selections of 30 GeV. The red line is the signal
(filled red histogram) scaled by the factor given in the legend so that the shape of the signal
is easier to see, and the dashed blue line is the total pre-fit background. The bottom sub-plot
shows the ratio of the data to the theory prediction, along with the relative post-fit error given

by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.18: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
2-lepton, 2-jet, signal regions. The top row shows the 75 <pVT < 150 GeV region, the middle
row the 150 <pVT < 250 GeV region, and the bottom row shows the 250 <pVT < 400 GeV region.
The left column has the jet pT selections of 20 GeV, while the right column has jet pT selections
of 30 GeV. The red line is the signal (filled red histogram) scaled by the factor given in the
legend so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.19: The data-MC plots of the post-fit BDT distribution, in the log scale, for the
2-lepton, ≥ 3-jet, signal regions. The top row shows the 75 <pVT < 150 GeV region, the middle
row the 150 <pVT < 250 GeV region, and the bottom row shows the 250 <pVT < 400 GeV region.
The left column has the jet pT selections of 20 GeV, while the right column has jet pT selections
of 30 GeV. The red line is the signal (filled red histogram) scaled by the factor given in the
legend so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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One thing of particular interest that is noticeable in the plots, is the larger multijet contribu-

tion in the 30 GeV jet pT selection plots, particularly the 3-jet regions (Figure 7.17). While

the increase looks to be more in the background bins of the MVA distribution, the post-fit dis-

tributions of some extra variables were looked at to see if there was any possible mismodelling

of the multijet background. In particular, the mW
T and EmissT distributions. These post-fit

plots were obtained from a likelihood built using the results of the fit to the MVA distribu-

tions. The mW
T distribution was used to calculate the pre-fit yields of the multijet estimates,

and the EmissT distribution discriminates the multijet background the best. Firstly looking at

the mW
T distributions in Figure 7.20 for the four different 1-lepton signal regions. There is no

obvious mismodelling apparent, though with the regions split by pVT , it can be seen how in the

high pVT regions the multijet background has a significant contribution at the high mW
T values.

Looking at the EmissT distributions, in Figure 7.21, for the same four regions, some mismodelling

is present. Just as a note, the sharp jump at EmissT = 30 GeV is due to the extra selection in

the electron channel of EmissT > 30 GeV to reduce the multijet background. There seems to be

a general trend of the MC over-shooting the data in the low EmissT regions, while the opposite

happens in the higher EmissT regions. This is particularly evident in the 3-jet regions, where

some bins disagree by up to 25%, although there is a large uncertainty in those bins as well,

making this large discrepancy not statistically significant. The bins where the multijet back-

ground is largest tend to over-shoot the data, while where the it is smallest, the data is larger

than the prediction. Looking at the rankings in Figure 7.12, the normalisation of the 3-jet elec-

tron multijet sample for the 30 GeV jet pT selection has a large upward pull of about 1.3 (third

NP). Since the µ-channel multijet contribution is negligible in the 3-jet regions, this e-channel

pull is affecting the entire multijet estimate in these regions. This is a bit counter-intuitive since

one would expect the increased jet pT selections to reduce the softer multijet contribution. The

error bars on the pull of the normalisation of the 3-jet electron multijet sample are larger than 1,

indicating that the data is providing less information on this multijet sample than was expected.

As a reminder, the 3-jet, 1-lepton regions are the regions where two of the three negative signal

strength STXS signal samples are most dominant. This could be one of the reasons for the low

signal strengths.

Other kinematic distributions were examined to try find a reason for why the comparison of

the observed to expected significances for the 30 GeV jet pT selection was was so different

compared to the 20 GeV jet pT selection. However, there were no significant differences found

between the data and MC, nor any consistent differences that may account for difference in

the behaviour of the significances. As examples, the post-fit distribution of the pT of the third

jet was studied, since these jets are the ones that have the additional pT selection applied to.

Also the η distribution of the third jet was studied to see if there were any differences between

events where the third jet was a central jet and the events where it’s a forward jet. There was

general agreement between the MC and the data, and no bins that had large uncertainties like

in the EmissT distribution in Figure 7.21. Given that events were migrating down from higher
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njets categories, it was thought the difference in the modelling between the lower njets regions

and the higher njets regions may have contributed to the difference in the behaviour of the

significances. However, since the free-floating normalisation NPs are separate for the 2-jet and

3-jet regions, the effect of any mismodelling would be covered by these NPs.

So despite all these checks into the possible cause of the differences between the 20 GeV and

30 GeV additional jet pT selection results, no clear cause of mismodelling could be found.

And considering how large the uncertainties are on the results, and that they agree with the

SM expectations, the variation between the 20 and 30 GeV results is likely due to statistical

fluctuations. This is particularly relevant to the naddjets≥ 1 POIs.
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(a) (b)

(c) (d)

Figure 7.20: The data-MC plots of the 30 GeV jet pT selection post-fit mW
T distributions

for the 1-lepton signal regions. The top row has the 2-jet regions, with the 3-jet regions in the
bottom row, and the left column has the 150 <pVT < 250 GeV regions, while the right contains
the 250 <pVT < 400 GeV regions. The red line is the signal (filled red histogram) scaled by the
factor given in the legend so that the shape of the signal is easier to see, and the dashed blue
line is the total pre-fit background. The bottom sub-plot shows the ratio of the data to the

theory prediction, along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure 7.21: The data-MC plots of the 30 GeV jet pT selection post-fit EmissT distributions
for the 1-lepton signal regions. The top row has the 2-jet regions, with the 3-jet regions in the
bottom row, and the left column has the 150 <pVT < 250 GeV regions, while the right contains
the 250 <pVT < 400 GeV regions. The sharp jump at EmissT = 30 GeV is due to the extra
selection in the electron channel of EmissT > 30 GeV to reduce the multijet background. The
red line is the signal (filled red histogram) scaled by the factor given in the legend so that the
shape of the signal is easier to see, and the dashed blue line is the total pre-fit background. The
bottom sub-plot shows the ratio of the data to the theory prediction, along with the relative

post-fit error given by the shaded band.
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Conclusion

After the discovery of several SM particles at CERN during its lifetime, we are now at a point

where we are not confident in the direction from which the next discovery is going to come. As

such, there is now a bigger focus on performing precision measurements of SM processes. In

particular, given how central the Higgs mechanism and Higgs boson are to the SM, performing

precision measurements of Higgs processes is our opportunity of finding any deviations from the

SM and any hints of possible beyond the SM theories.

This thesis presents an updated study of the production of the SM Higgs boson in association

with a W or a Z boson, where the Higgs boson decays to a bb̄ pair and the W/Z bosons decay

leptonically. The data used was the full Run-2 ATLAS dataset, corresponding to 140 fb−1 of

integrated luminosity, which was collected in proton-proton collisions at a centre of mass energy

of
√
s = 13 TeV. The study was performed within the STXS framework, which provides smaller

kinematic regions within which to measure the signal strengths and cross-sections of Higgs bo-

son production. These smaller regions provide phase spaces where BSM effects may become

more prominent, and that could otherwise be washed out in fully fiducial measurements.

The work in this thesis expanded on the previous ATLAS STXS measurement of the V H → bb̄

process [24] by splitting each of the STXS regions by the number of truth jets additional to the

truth jets produced by the Higgs decay. Additionally, since this new split would separate events

by the number of jets they contain, an increase in the jet pT selection from 20 to 30 GeV was

applied to the additional jets which improved the correlation between the STXS regions and

the reconstruction level regions, reducing the uncertainties on the measurements.

The inclusive V H signal strengths were measured with observed (expected) significances of 7.6

(6.4) and 6.9 (6.2) for the 20 and 30 GeV pT selections, respectively. Additionally, the ZH

process was observed with an observed (expected) significance of 5.4 (4.6) and 5.0 (4.5) for

the 20 and 30 GeV selection respectively. The WH process was measured with an observed

(expected) significance of 4.9 (4.1) and 4.1 (3.7) for the 20 and 30 GeV selection respectively.

The corresponding signal strengths were measured to be µ = 1.22 ± 0.19 for the 20 GeV jet
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pT selection and µ = 1.13 ± 0.19 for 30 GeV jet pT selection for the V H processes. The ZH

processes obtained µ = 1.21 ± 0.27 and µ = 1.14 ± 0.27 for the 20 and 30 GeV selections re-

spectively, and the WH processes obtained µ = 1.23± 0.28 and µ = 1.12± 0.29 for the 20 and

30 GeV selections respectively. The measurements of the expanded STXS regions showed that

the uncertainties on the naddjets≥ 1 signal strengths are still too large to make any statistically

significant conclusions. However, tightening the selection on the additional-jet pT did reduce

these uncertainties by about 25% on average. The ZH, 150 <pVT < 250 GeV, naddjets= 0 signal

strength was the only one to not agree within 1 sigma of the SM expectation, instead agreeing

comfortably within 2 sigma. Unfortunately, three of the naddjets≥ 1 signal strengths had negative

values in the 30 GeV selection. It is promising to see that despite this, the uncertainties on the

signal strengths in these regions were still reduced, and the central values were within 1 sigma of

the SM expectations. Despite various studies, there were no clear causes for this negative shift.

It is likely due to statistical fluctuations, given the larger migration of background relative to

signal into the 3-jet regions compared to the 2-jet regions, and the fit thus favouring the back-

ground. Although the uncertainties on the naddjets≥ 1 signal strengths were large, the uncertainties

of the naddjets= 0 WH and naddjets= 0 ZH signal strengths were only 18% to 24% and 26% to 32%

respectively larger compared to their corresponding signal strengths with no jet splitting (The 5

POI signal strengths). This shows how the non-jet-split signal strengths are dominated by the

naddjets= 0 signal, and that splitting by naddjets still provides statistically significant results for the

naddjets= 0 signal strengths. Additionally, the increased pT selection on the additional central jets

reduced the uncertainties on the signal strengths that had very large uncertainties (the naddjets≥ 1

signal strengths), while only slightly increasing the uncertainties on the signal strengths that

had the smaller uncertainties (the naddjets=0 signal strengths). The reduction of up to 30% in the

large uncertainties outweighs the small increase of up to 5% in the smaller uncertainties. The

results also show the intended reduction of the correlations between the signal strengths in the

maximum likelihood fit. The results of the expected significances shown in this thesis led to the

new ATLAS analysis using the increased jet pT selection.

There are several changes that could be implemented in this thesis that would help reduce un-

certainties in the results and which are implemented by the new ATLAS analysis [23]. Due to

time constraints, these changes weren’t implemented in this thesis, although despite this, the

results are still reasonable, agreeing well with the standard model. The implemented changes

include deriving the ∆R(b1, b2) − pVT cuts that define the signal region split by the number of

leptons. The definitions obtained in the 1-lepton channel didn’t describe the 2-lepton channel as

well as in the 0-lepton channel, as illustrated in Figure 5.9. Therefore, deriving them separately

in the 2-lepton channel ensures the desired amount of signal events in the signal regions.

In relation to the truth flavours of the jets that pass the b-tagging, with the updated tagger that

is used in this thesis, the rejection of non-b-jets is higher. This reduces the number of events in

the lighter jet categories, making it difficult to model them in the fit. Combining some of these

regions in the V+jets samples helps improve the modelling of those backgrounds. For example,
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reducing the current three separate event flavours based on the truth flavour of the two tagged

jets of heavy flavour (bb, bc, bl, cc), cl and ll, to just two flavours, heavy (bb and cc) and other

(bc, bl, cl, ll). In the new ATLAS analysis, ll flavoured events are left separate due to their

larger contribution in the regions targeting V H → cc̄. With the large migrations that occur for

the tt̄ background after tightening the jet pT selection, more focus on this background is needed.

The difference is large enough in the distributions between the bb flavoured and bc flavoured

tt̄ events, as shown in Figure 7.5, to warrant splitting the tt̄ events by flavour in a similar way

that is done for the V+jets backgrounds, but with the reduced categories as mentioned above.

This removes the dominant effect of the bb tt̄ component on the bc component in the 3-jet and

high pVT regions.

Given how many of the tt̄ events have W -bosons from the top quark decay decaying into τ -

leptons , shown in Figure 7.6, using a τ -tagger to identify the τ -jets helps to classify the events

into the correct njets category, improving correlations between the STXS and analysis regions.

The control region distributions in the likelihood fit currently only use a one binned distribu-

tion. A final potential change would be to instead use a multi-binned distribution in these

regions, providing better constraints on the backgrounds. In the new ATLAS analysis, this

is implemented in the 1- and 2-lepton channels, using a BDT distribution trained to separate

W+jets and tt̄ in the 1-lepton CRLow, and a pVT distribution in CRHigh for both 1- and 2-lepton

channels. My suggested implementation for the analysis in this thesis would be to use 3- and

5-binned EmissT distribution for the CRLow and CRHigh respectively. The EmissT distribution

has a better discrimination between tt̄ and V+jets in the 1- and 2-lepton channels compared to

pVT , with pVT ≡EmissT in the 0-lepton channel. The EmissT distribution will also help discriminate

against the MJ background in the 1-lepton channel, which seems to be under-constrained in this

thesis (refer to the large pull on the MJ normalisation in Figure 7.12 and the EmissT distribution

in Figure 7.21).

The larger data sets anticipated from Run-3 of the Large Hadron Collider, along with reduced

statistical uncertainties and improved analysis techniques, should enhance the statistical signif-

icance of measurements in the expanded STXS regions in the near future.



Appendix A

Data-MC plots and yields

This appendix contains extra information on the 10 POI STXS fit described in Chapter 7. In

particular, the pre-fit and post-fit yields A.1 and Data-MC plots A.3 with comparisons between

the jet pT selection of 20 GeV and 30 GeV. There is also a particular look at the yield differences

of the MC samples used to define the signal and control regions A.2 using the ∆R(b1, b2)− pVT
selections.
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A.1 Pre-fit and post-fit yield tables

This section shows a comparison of the 14 post-fit to pre-fit signal region yields of the 10 POI

STXS fits, for both the 20 GeV and 30 GeV jet pT selections. The control region yields are

not shown in these tables, however the control region Data-MC plots are shown in Section A.3.

Since the control regions use single binned distributions, the plots are essentially showing the

yields of those regions. The yields tables are as follows:

• 0-lepton, 2-jet, 150 <pVT < 250 GeV signal region: Table A.1

• 0-lepton, 3-jet, 150 <pVT < 250 GeV signal region: Table A.2

• 0-lepton, 2-jet, 250 <pVT < 400 GeV signal region: Table A.3

• 0-lepton, 3-jet, 250 <pVT < 400 GeV signal region: Table A.4

• 1-lepton, 2-jet, 150 <pVT < 250 GeV signal region: Table A.5

• 1-lepton, 3-jet, 150 <pVT < 250 GeV signal region: Table A.6

• 1-lepton, 2-jet, 250 <pVT < 400 GeV signal region: Table A.7

• 1-lepton, 3-jet, 250 <pVT < 400 GeV signal region: Table A.8

• 2-lepton, 2-jet, 75 <pVT < 150 GeV signal region: Table A.9

• 2-lepton, ≥ 3-jet, 75 <pVT < 150 GeV signal region: Table A.10

• 2-lepton, 2-jet, 150 <pVT < 250 GeV signal region: Table A.11

• 2-lepton, ≥ 3-jet, 150 <pVT < 250 GeV signal region: Table A.12

• 2-lepton, 2-jet, 250 <pVT < 400 GeV signal region: Table A.13

• 2-lepton, ≥ 3-jet, 250 <pVT < 400 GeV signal region: Table A.14
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Table A.1: The post-fit vs pre-fit yields for the 0-lepton, 2-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and

Single-top samples.

Pre-fit Post-fit Post/Pre

Z+hf 2050.0 ± 280.0 2720.0 ± 110.0 1.33 ± 0.19
Z+jets 2050.0 ± 280.0 (48.8%) 2730.0 ± 110.0 (54.9%) 1.33 ± 0.19
W+hf 546.0 ± 65.0 565.0 ± 65.0 1.03 ± 0.17
W+jets 565.0 ± 70.0 (13.4%) 585.0 ± 66.0 (11.8%) 1.04 ± 0.17

Single-top 231.0 ± 43.0 (5.5%) 210.0 ± 32.0 (4.2%) 0.91 ± 0.22
tt̄ 1010.0 ± 210.0 (24.0%) 1090.0 ± 110.0 (21.9%) 1.08 ± 0.25

Tops 1240.0 ± 230.0 1300.0 ± 110.0 1.05 ± 0.21
diboson 345.0 ± 97.0 (8.2%) 358.0 ± 54.0 (7.2%) 1.04 ± 0.33

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.91 ± 0.92
ZH, 75 < pZT <150 GeV, naddjets=0 9.6 ± 2.3 (6.9%) 10.5 ± 9.2 (6.3%) 1.09 ± 0.99

ZH, 75 < pZT <150 GeV, naddjets≥1 0.52 ± 0.38 (0.4%) 0.31 ± 0.78 (0.2%) 0.6 ± 1.6

ZH, 150 < pZT <250 GeV, naddjets=0 85.0 ± 14.0 (60.7%) 106.0 ± 36.0 (63.8%) 1.25 ± 0.47

ZH, 150 < pZT <250 GeV, naddjets≥1 2.9 ± 1.1 (2.1%) 5.7 ± 3.4 (3.4%) 2 ± 1.4

ZH, 250 < pZT <400 GeV, naddjets=0 9.2 ± 1.9 (6.6%) 4.3 ± 4.1 (2.6%) 0.47 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.43 ± 0.21 (0.3%) 0.67 ± 0.52 (0.4%) 1.6 ± 1.4

Other WH 2.21 ± 0.98 (1.6%) 2.10 ± 0.92 (1.3%) 0.95 ± 0.59
WH, 150 < pWT <250 GeV, naddjets=0 22.9 ± 2.8 (16.4%) 28.0 ± 10.0 (16.9%) 1.22 ± 0.46

WH, 150 < pWT <250 GeV, naddjets≥1 0.6 ± 0.21 (0.4%) 0.9 ± 1.7 (0.5%) 1.5 ± 2.9

WH, 250 < pWT <400 GeV, naddjets=0 6.34 ± 0.8 (4.5%) 7.5 ± 2.8 (4.5%) 1.18 ± 0.47

WH, 250 < pWT <400 GeV, naddjets≥1 0.228 ± 0.083 (0.2%) 0.04 ± 0.42 (0.0%) 0.2 ± 1.8

Signal 138.0 ± 19.0 164.0 ± 36.0 1.19 ± 0.31
Background 4210.0 ± 510.0 4981.0 ± 65.0 1.18 ± 0.14

Data 5177.0 5177.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 3420.0 ± 400.0 4480.0 ± 180.0 1.31 ± 0.16
Z+jets 3440.0 ± 400.0 (42.5%) 4500.0 ± 180.0 (48.6%) 1.31 ± 0.16
W+hf 917.0 ± 95.0 870.0 ± 110.0 0.95 ± 0.16
W+jets 950.0 ± 100.0 (11.7%) 880.0 ± 110.0 (9.5%) 0.93 ± 0.15

Single-top 462.0 ± 83.0 (5.7%) 396.0 ± 64.0 (4.3%) 0.86 ± 0.21
tt̄ 2760.0 ± 490.0 (34.1%) 3110.0 ± 210.0 (33.6%) 1.13 ± 0.21

Tops 3220.0 ± 520.0 3510.0 ± 200.0 1.09 ± 0.19
diboson 490.0 ± 130.0 (6.0%) 375.0 ± 67.0 (4.0%) 0.77 ± 0.24

Other ZH 0.02 ± 0.02 (0.0%) 0.02 ± 0.01 (0.0%) 0.9 ± 1.1
ZH, 75 < pZT <150 GeV, naddjets=0 14.8 ± 3.5 (7.3%) 24.0 ± 15.0 (9.3%) 1.6 ± 1.1

ZH, 75 < pZT <150 GeV, naddjets≥1 1.16 ± 0.79 (0.6%) -0.2 ± 1.6 (-0.1%) -0.2 ± -1.4

ZH, 150 < pZT <250 GeV, naddjets=0 119.0 ± 19.0 (58.5%) 164.0 ± 47.0 (63.4%) 1.38 ± 0.45

ZH, 150 < pZT <250 GeV, naddjets≥1 7.7 ± 2.8 (3.8%) 6.9 ± 6.3 (2.7%) 0.9 ± 0.88

ZH, 250 < pZT <400 GeV, naddjets=0 12.2 ± 2.5 (6.0%) 9.7 ± 5.3 (3.7%) 0.8 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.99 ± 0.48 (0.5%) 0.39 ± 0.8 (0.2%) 0.39 ± 0.83

Other WH 3.80 ± 1.70 (1.9%) 3.80 ± 1.60 (1.5%) 1 ± 0.61
WH, 150 < pWT <250 GeV, naddjets=0 33.3 ± 3.1 (16.4%) 39.0 ± 15.0 (15.1%) 1.17 ± 0.46

WH, 150 < pWT <250 GeV, naddjets≥1 1.69 ± 0.57 (0.8%) -0.2 ± 3.5 (-0.1%) -0.1 ± -2.1

WH, 250 < pWT <400 GeV, naddjets=0 8.21 ± 0.89 (4.0%) 11.4 ± 3.9 (4.4%) 1.39 ± 0.5

WH, 250 < pWT <400 GeV, naddjets≥1 0.54 ± 0.19 (0.3%) -0.09 ± 0.7 (-0.0%) -0.2 ± -1.3

Signal 200.0 ± 26.0 256.0 ± 48.0 1.28 ± 0.29
Background 8100.0 ± 840.0 9269.0 ± 92.0 1.14 ± 0.12

Data 9526.0 9526.0 1.00e+00
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Table A.2: The post-fit vs pre-fit yields for the 0-lepton, 3-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and

Single-top samples.

Pre-fit Post-fit Post/Pre

Z+hf 2920.0 ± 320.0 3490.0 ± 170.0 1.2 ± 0.14
Z+jets 2930.0 ± 320.0 (28.1%) 3500.0 ± 170.0 (31.8%) 1.19 ± 0.14
W+hf 1170.0 ± 110.0 1140.0 ± 120.0 0.97 ± 0.14
W+jets 1190.0 ± 110.0 (11.4%) 1150.0 ± 120.0 (10.4%) 0.97 ± 0.13

Single-top 750.0 ± 140.0 (7.2%) 710.0 ± 130.0 (6.4%) 0.95 ± 0.25
tt̄ 5200.0 ± 1200.0 (49.8%) 5410.0 ± 240.0 (49.1%) 1.04 ± 0.24

Tops 6000.0 ± 1200.0 6120.0 ± 200.0 1.02 ± 0.21
diboson 370.0 ± 110.0 (3.5%) 253.0 ± 64.0 (2.3%) 0.68 ± 0.27

Other ZH 0.04 ± 0.12 (0.0%) 0.03 ± 0.08 (0.0%) 0.7 ± 3.1
ZH, 75 < pZT <150 GeV, naddjets=0 6.5 ± 2.6 (5.0%) 7.6 ± 7.1 (4.0%) 1.2 ± 1.2

ZH, 75 < pZT <150 GeV, naddjets≥1 4.0 ± 1.2 (3.1%) 2.7 ± 6.8 (1.4%) 0.7 ± 1.7

ZH, 150 < pZT <250 GeV, naddjets=0 45.6 ± 8.7 (34.8%) 61.0 ± 22.0 (31.9%) 1.34 ± 0.55

ZH, 150 < pZT <250 GeV, naddjets≥1 35.7 ± 8.0 (27.3%) 73.0 ± 36.0 (38.2%) 2 ± 1.1

ZH, 250 < pZT <400 GeV, naddjets=0 4.03 ± 0.79 (3.1%) 2.0 ± 1.9 (1.0%) 0.5 ± 0.48

ZH, 250 < pZT <400 GeV, naddjets≥1 4.3 ± 1.1 (3.3%) 6.7 ± 4.5 (3.5%) 1.6 ± 1.1

Other WH 2.49 ± 0.71 (1.9%) 2.53 ± 0.65 (1.3%) 1.02 ± 0.39
WH, 150 < pWT <250 GeV, naddjets=0 14.7 ± 1.7 (11.2%) 18.9 ± 7.4 (9.9%) 1.29 ± 0.52

WH, 150 < pWT <250 GeV, naddjets≥1 7.6 ± 1.1 (5.8%) 12.0 ± 22.0 (6.3%) 1.6 ± 2.9

WH, 250 < pWT <400 GeV, naddjets=0 3.43 ± 0.42 (2.6%) 4.3 ± 1.6 (2.2%) 1.25 ± 0.49

WH, 250 < pWT <400 GeV, naddjets≥1 2.57 ± 0.39 (2.0%) 0.4 ± 5.1 (0.2%) 0.2 ± 2

Signal 128.0 ± 15.0 189.0 ± 40.0 1.48 ± 0.36
Background 10500.0 ± 1300.0 11029.0 ± 98.0 1.05 ± 0.13

Data 11114.0 11114.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 3880.0 ± 420.0 4730.0 ± 230.0 1.22 ± 0.14
Z+jets 3900.0 ± 420.0 (19.2%) 4760.0 ± 230.0 (22.3%) 1.22 ± 0.14
W+hf 1740.0 ± 150.0 1770.0 ± 230.0 1.02 ± 0.16
W+jets 1780.0 ± 150.0 (8.8%) 1810.0 ± 230.0 (8.5%) 1.02 ± 0.16

Single-top 1380.0 ± 280.0 (6.8%) 1180.0 ± 230.0 (5.5%) 0.86 ± 0.24
tt̄ 12800.0 ± 2200.0 (63.1%) 13300.0 ± 360.0 (62.3%) 1.04 ± 0.18

Tops 14200.0 ± 2200.0 14490.0 ± 290.0 1.02 ± 0.16
diboson 410.0 ± 130.0 (2.0%) 299.0 ± 82.0 (1.4%) 0.73 ± 0.31

Other ZH 0.05 ± 0.04 (0.0%) 0.04 ± 0.03 (0.0%) 0.89 ± 0.88
ZH, 75 < pZT <150 GeV, naddjets=0 4.7 ± 2.1 (3.4%) 9.4 ± 6.7 (7.2%) 2 ± 1.7

ZH, 75 < pZT <150 GeV, naddjets≥1 6.9 ± 2.1 (5.0%) -1.4 ± 9.4 (-1.1%) -0.2 ± -1.4

ZH, 150 < pZT <250 GeV, naddjets=0 29.1 ± 6.6 (21.1%) 46.0 ± 16.0 (35.3%) 1.58 ± 0.66

ZH, 150 < pZT <250 GeV, naddjets≥1 56.0 ± 12.0 (40.5%) 53.0 ± 44.0 (40.7%) 0.95 ± 0.81

ZH, 250 < pZT <400 GeV, naddjets=0 2.32 ± 0.55 (1.7%) 2.2 ± 1.2 (1.7%) 0.95 ± 0.56

ZH, 250 < pZT <400 GeV, naddjets≥1 6.4 ± 1.6 (4.6%) 2.6 ± 5.2 (2.0%) 0.41 ± 0.82

Other WH 2.71 ± 0.86 (2.0%) 2.89 ± 0.83 (2.2%) 1.07 ± 0.46
WH, 150 < pWT <250 GeV, naddjets=0 10.8 ± 1.6 (7.8%) 14.2 ± 5.9 (10.9%) 1.31 ± 0.58

WH, 150 < pWT <250 GeV, naddjets≥1 12.8 ± 1.5 (9.3%) -2.0 ± 27.0 (-1.5%) -0.2 ± -2.1

WH, 250 < pWT <400 GeV, naddjets=0 2.51 ± 0.36 (1.8%) 3.9 ± 1.4 (3.0%) 1.55 ± 0.6

WH, 250 < pWT <400 GeV, naddjets≥1 3.85 ± 0.49 (2.8%) -0.7 ± 5.3 (-0.5%) -0.2 ± -1.4

Signal 136.0 ± 16.0 127.0 ± 51.0 0.93 ± 0.39
Background 20300.0 ± 2300.0 21360.0 ± 140.0 1.05 ± 0.12

Data 21347.0 21347.0 1.00e+00
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Table A.3: The post-fit vs pre-fit yields for the 0-lepton, 2-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and

Single-top samples.

Pre-fit Post-fit Post/Pre

Z+hf 211.0 ± 30.0 282.0 ± 12.0 1.34 ± 0.2
Z+jets 212.0 ± 30.0 (53.8%) 283.0 ± 12.0 (60.3%) 1.33 ± 0.2
W+hf 75.0 ± 15.0 74.4 ± 8.8 0.99 ± 0.23
W+jets 76.0 ± 15.0 (19.3%) 75.9 ± 8.9 (16.2%) 1 ± 0.23

Single-top 7.2 ± 1.8 (1.8%) 6.7 ± 1.4 (1.4%) 0.93 ± 0.3
tt̄ 24.6 ± 7.6 (6.2%) 24.7 ± 4.0 (5.3%) 1 ± 0.35

Tops 31.8 ± 8.1 31.3 ± 4.2 0.98 ± 0.28
diboson 74.0 ± 23.0 (18.8%) 79.0 ± 13.0 (16.8%) 1.07 ± 0.38

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 1.3 ± 2.8
ZH, 150 < pZT <250 GeV, naddjets=0 2.41 ± 0.66 (7.9%) 3.2 ± 1.3 (14.5%) 1.33 ± 0.65

ZH, 150 < pZT <250 GeV, naddjets≥1 0.141 ± 0.071 (0.5%) 0.28 ± 0.18 (1.3%) 2 ± 1.6

ZH, 250 < pZT <400 GeV, naddjets=0 21.4 ± 3.1 (70.3%) 10.5 ± 9.8 (47.5%) 0.49 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.75 ± 0.3 (2.5%) 1.19 ± 0.88 (5.4%) 1.6 ± 1.3

WH, 150 < pWT <250 GeV, naddjets=0 0.39 ± 0.46 (1.3%) 0.46 ± 0.57 (2.1%) 1.2 ± 2

WH, 150 < pWT <250 GeV, naddjets≥1 0.017 ± 0.024 (0.1%) 0.03 ± 0.069 (0.1%) 1.8 ± 4.8

WH, 250 < pWT <400 GeV, naddjets=0 5.2 ± 0.68 (17.1%) 6.4 ± 2.4 (29.0%) 1.23 ± 0.49

WH, 250 < pWT <400 GeV, naddjets≥1 0.144 ± 0.058 (0.5%) 0.03 ± 0.29 (0.1%) 0.2 ± 2

Signal 30.5 ± 4.1 22.1 ± 9.5 0.72 ± 0.33
Background 394.0 ± 51.0 469.0 ± 14.0 1.19 ± 0.16

Data 484.0 484.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 349.0 ± 43.0 461.0 ± 19.0 1.32 ± 0.17
Z+jets 352.0 ± 43.0 (53.6%) 464.0 ± 19.0 (63.6%) 1.32 ± 0.17
W+hf 126.0 ± 24.0 114.0 ± 15.0 0.9 ± 0.21
W+jets 127.0 ± 24.0 (19.3%) 116.0 ± 15.0 (15.9%) 0.91 ± 0.21

Single-top 14.4 ± 3.6 (2.2%) 12.1 ± 2.7 (1.7%) 0.84 ± 0.28
tt̄ 62.0 ± 17.0 (9.4%) 62.0 ± 7.4 (8.5%) 1 ± 0.3

Tops 76.0 ± 18.0 74.2 ± 7.4 0.98 ± 0.25
diboson 101.0 ± 31.0 (15.4%) 75.0 ± 14.0 (10.3%) 0.74 ± 0.27

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.9 ± 2
ZH, 75 < pZT <150 GeV, naddjets≥1 0.0012 ± 0.0019 (0.0%) -0.0002 ± 0.0014 (-0.0%) -0.2 ± -1.2

ZH, 150 < pZT <250 GeV, naddjets=0 3.7 ± 1.0 (8.6%) 5.6 ± 2.1 (13.6%) 1.51 ± 0.7

ZH, 150 < pZT <250 GeV, naddjets≥1 0.31 ± 0.14 (0.7%) 0.3 ± 0.28 (0.7%) 1 ± 1

ZH, 250 < pZT <400 GeV, naddjets=0 28.8 ± 4.1 (67.2%) 24.0 ± 13.0 (58.1%) 0.83 ± 0.47

ZH, 250 < pZT <400 GeV, naddjets≥1 1.87 ± 0.73 (4.4%) 0.8 ± 1.6 (1.9%) 0.43 ± 0.87

WH, 150 < pWT <250 GeV, naddjets=0 0.62 ± 0.72 (1.4%) 0.8 ± 0.95 (1.9%) 1.3 ± 2.1

WH, 150 < pWT <250 GeV, naddjets≥1 0.047 ± 0.066 (0.1%) -0.01 ± 0.11 (-0.0%) -0.2 ± -2.4

WH, 250 < pWT <400 GeV, naddjets=0 7.1 ± 0.8 (16.6%) 9.9 ± 3.4 (24.0%) 1.39 ± 0.5

WH, 250 < pWT <400 GeV, naddjets≥1 0.4 ± 0.15 (0.9%) -0.07 ± 0.55 (-0.2%) -0.2 ± -1.4

Signal 42.9 ± 5.3 41.0 ± 13.0 0.96 ± 0.33
Background 657.0 ± 71.0 729.0 ± 20.0 1.11 ± 0.12

Data 772.0 772.0 1.00e+00
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Table A.4: The post-fit vs pre-fit yields for the 0-lepton, 3-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and

Single-top samples.

Pre-fit Post-fit Post/Pre

Z+hf 335.0 ± 40.0 408.0 ± 20.0 1.22 ± 0.16
Z+jets 338.0 ± 40.0 (47.5%) 412.0 ± 20.0 (53.8%) 1.22 ± 0.16
W+hf 146.0 ± 27.0 161.0 ± 17.0 1.1 ± 0.23
W+jets 147.0 ± 27.0 (20.7%) 162.0 ± 17.0 (21.1%) 1.1 ± 0.23

Single-top 26.2 ± 6.1 (3.7%) 25.0 ± 5.3 (3.3%) 0.95 ± 0.3
tt̄ 131.0 ± 30.0 (18.4%) 119.0 ± 13.0 (15.5%) 0.91 ± 0.23

Tops 158.0 ± 32.0 144.0 ± 14.0 0.91 ± 0.2
diboson 69.0 ± 22.0 (9.7%) 48.0 ± 12.0 (6.3%) 0.7 ± 0.28

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 1.2 ± 1.7
ZH, 75 < pZT <150 GeV, naddjets≥1 0.0022 ± 0.0036 (0.0%) 0.0018 ± 0.0056 (0.0%) 0.8 ± 2.9

ZH, 150 < pZT <250 GeV, naddjets=0 1.72 ± 0.75 (6.4%) 2.5 ± 1.3 (8.6%) 1.45 ± 0.99

ZH, 150 < pZT <250 GeV, naddjets≥1 1.03 ± 0.3 (3.8%) 2.2 ± 1.1 (7.5%) 2.1 ± 1.2

ZH, 250 < pZT <400 GeV, naddjets=0 9.8 ± 1.9 (36.3%) 5.1 ± 4.8 (17.5%) 0.52 ± 0.5

ZH, 250 < pZT <400 GeV, naddjets≥1 9.4 ± 1.8 (34.8%) 15.0 ± 10.0 (51.4%) 1.6 ± 1.1

WH, 150 < pWT <250 GeV, naddjets=0 0.31 ± 0.18 (1.1%) 0.42 ± 0.28 (1.4%) 1.4 ± 1.2

WH, 150 < pWT <250 GeV, naddjets≥1 0.15 ± 0.17 (0.6%) 0.24 ± 0.49 (0.8%) 1.6 ± 3.7

WH, 250 < pWT <400 GeV, naddjets=0 2.59 ± 0.34 (9.6%) 3.3 ± 1.3 (11.3%) 1.27 ± 0.53

WH, 250 < pWT <400 GeV, naddjets≥1 1.99 ± 0.31 (7.4%) 0.4 ± 4.0 (1.4%) 0.2 ± 2

Signal 27.1 ± 3.2 29.5 ± 9.8 1.09 ± 0.38
Background 712.0 ± 70.0 766.0 ± 19.0 1.08 ± 0.11

Data 787.0 787.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 495.0 ± 56.0 607.0 ± 30.0 1.23 ± 0.15
Z+jets 499.0 ± 56.0 (41.8%) 610.0 ± 30.0 (47.2%) 1.22 ± 0.15
W+hf 230.0 ± 40.0 270.0 ± 37.0 1.17 ± 0.26
W+jets 232.0 ± 40.0 (19.4%) 273.0 ± 37.0 (21.1%) 1.18 ± 0.26

Single-top 51.0 ± 13.0 (4.3%) 46.0 ± 10.0 (3.6%) 0.9 ± 0.3
tt̄ 328.0 ± 59.0 (27.5%) 303.0 ± 23.0 (23.4%) 0.92 ± 0.18

Tops 379.0 ± 62.0 349.0 ± 23.0 0.92 ± 0.16
diboson 84.0 ± 26.0 (7.0%) 61.0 ± 17.0 (4.7%) 0.73 ± 0.3

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.72 ± 0.69
ZH, 75 < pZT <150 GeV, naddjets=0 0.0009 ± 0.0014 (0.0%) 0.0016 ± 0.0026 (0.0%) 1.8 ± 4

ZH, 75 < pZT <150 GeV, naddjets≥1 0.0011 ± 0.0017 (0.0%) -0.0002 ± 0.0014 (-0.0%) -0.2 ± -1.3

ZH, 150 < pZT <250 GeV, naddjets=0 1.34 ± 0.64 (4.6%) 2.4 ± 1.2 (12.7%) 1.8 ± 1.2

ZH, 150 < pZT <250 GeV, naddjets≥1 1.87 ± 0.57 (6.4%) 1.9 ± 1.6 (10.1%) 1.02 ± 0.91

ZH, 250 < pZT <400 GeV, naddjets=0 6.0 ± 1.4 (20.4%) 5.9 ± 3.3 (31.3%) 0.98 ± 0.6

ZH, 250 < pZT <400 GeV, naddjets≥1 14.6 ± 2.6 (49.7%) 6.0 ± 12.0 (31.8%) 0.41 ± 0.83

WH, 150 < pWT <250 GeV, naddjets=0 0.26 ± 0.16 (0.9%) 0.39 ± 0.28 (2.1%) 1.5 ± 1.4

WH, 150 < pWT <250 GeV, naddjets≥1 0.28 ± 0.3 (1.0%) -0.04 ± 0.67 (-0.2%) -0.1 ± -2.4

WH, 250 < pWT <400 GeV, naddjets=0 1.78 ± 0.32 (6.1%) 2.9 ± 1.0 (15.4%) 1.63 ± 0.63

WH, 250 < pWT <400 GeV, naddjets≥1 3.24 ± 0.42 (11.0%) -0.6 ± 4.4 (-3.2%) -0.2 ± -1.4

Signal 29.4 ± 3.5 19.0 ± 13.0 0.65 ± 0.45
Background 1190.0 ± 110.0 1293.0 ± 28.0 1.09 ± 0.1

Data 1289.0 1289.0 1.00e+00
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Table A.5: The post-fit vs pre-fit yields for the 1-lepton, 2-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and
Single-top samples. Multijet is the total multijet contribution, while Multijet e-channel is just

the multijet contribution from the electron channel.

Pre-fit Post-fit Post/Pre

Z+hf 95.0 ± 12.0 108.8 ± 6.7 1.15 ± 0.16
Z+jets 96.0 ± 12.0 (1.4%) 110.1 ± 6.8 (1.6%) 1.15 ± 0.16
W+hf 1470.0 ± 150.0 1560.0 ± 160.0 1.06 ± 0.15
W+jets 1490.0 ± 150.0 (22.4%) 1580.0 ± 170.0 (23.3%) 1.06 ± 0.16

Single-top 880.0 ± 160.0 (13.2%) 820.0 ± 130.0 (12.1%) 0.93 ± 0.22
tt̄ 3970.0 ± 610.0 (59.6%) 4020.0 ± 220.0 (59.2%) 1.01 ± 0.17

Tops 4850.0 ± 690.0 4830.0 ± 180.0 1 ± 0.15
diboson 228.0 ± 79.0 (3.4%) 255.0 ± 62.0 (3.8%) 1.12 ± 0.47
Multijet 49.0 ± 28.0 43.0 ± 26.0 0.88 ± 0.73

Multijet e-channel 40.0 ± 28.0 34.0 ± 25.0 0.85 ± 0.86

Other ZH 0.01 ± 0.00 (0.0%) 0.01 ± 0.00 (0.0%) 1.02 ± 0.41
ZH, 75 < pZT <150 GeV, naddjets=0 0.329 ± 0.073 (0.2%) 0.37 ± 0.32 (0.2%) 1.1 ± 1

ZH, 75 < pZT <150 GeV, naddjets≥1 0.028 ± 0.025 (0.0%) 0.017 ± 0.045 (0.0%) 0.6 ± 1.7

ZH, 150 < pZT <250 GeV, naddjets=0 2.39 ± 0.38 (1.7%) 3.0 ± 1.0 (1.8%) 1.26 ± 0.46

ZH, 150 < pZT <250 GeV, naddjets≥1 0.087 ± 0.037 (0.1%) 0.16 ± 0.1 (0.1%) 1.8 ± 1.4

ZH, 250 < pZT <400 GeV, naddjets=0 0.471 ± 0.085 (0.3%) 0.22 ± 0.21 (0.1%) 0.47 ± 0.45

ZH, 250 < pZT <400 GeV, naddjets≥1 0.021 ± 0.01 (0.0%) 0.034 ± 0.026 (0.0%) 1.6 ± 1.5

Other WH 11.10 ± 2.30 (7.9%) 11.00 ± 2.00 (6.6%) 0.99 ± 0.27
WH, 150 < pWT <250 GeV, naddjets=0 109.0 ± 11.0 (78.0%) 133.0 ± 50.0 (79.3%) 1.22 ± 0.47

WH, 150 < pWT <250 GeV, naddjets≥1 2.83 ± 0.99 (2.0%) 4.5 ± 8.1 (2.7%) 1.6 ± 2.9

WH, 250 < pWT <400 GeV, naddjets=0 13.0 ± 2.1 (9.3%) 15.4 ± 6.0 (9.2%) 1.18 ± 0.5

WH, 250 < pWT <400 GeV, naddjets≥1 0.49 ± 0.2 (0.4%) 0.08 ± 0.93 (0.0%) 0.2 ± 1.9

Signal 128.0 ± 14.0 157.0 ± 46.0 1.23 ± 0.38
Background 6730.0 ± 810.0 6836.0 ± 82.0 1.02 ± 0.12

Data 7019.0 7019.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 181.0 ± 18.0 204.0 ± 12.0 1.13 ± 0.13
Z+jets 182.0 ± 18.0 (1.2%) 206.0 ± 12.0 (1.4%) 1.13 ± 0.13
W+hf 2340.0 ± 200.0 2290.0 ± 280.0 0.98 ± 0.15
W+jets 2380.0 ± 200.0 (16.3%) 2320.0 ± 280.0 (15.8%) 0.97 ± 0.14

Single-top 1670.0 ± 310.0 (11.5%) 1440.0 ± 250.0 (9.8%) 0.86 ± 0.22
tt̄ 10000.0 ± 1700.0 (68.7%) 10480.0 ± 370.0 (71.2%) 1.05 ± 0.18

Tops 11600.0 ± 1800.0 11920.0 ± 290.0 1.03 ± 0.16
diboson 330.0 ± 110.0 (2.3%) 280.0 ± 76.0 (1.9%) 0.85 ± 0.36
Multijet 179.0 ± 95.0 159.0 ± 84.0 0.89 ± 0.67

Multijet e-channel 157.0 ± 94.0 136.0 ± 84.0 0.87 ± 0.75

Other ZH 0.01 ± 0.00 (0.0%) 0.01 ± 0.00 (0.0%) 0.7 ± 0.34
ZH, 75 < pZT <150 GeV, naddjets=0 0.56 ± 0.12 (0.3%) 0.95 ± 0.57 (0.4%) 1.7 ± 1.1

ZH, 75 < pZT <150 GeV, naddjets≥1 0.064 ± 0.057 (0.0%) -0.012 ± 0.083 (-0.0%) -0.2 ± -1.3

ZH, 150 < pZT <250 GeV, naddjets=0 3.7 ± 0.54 (1.8%) 5.1 ± 1.5 (2.3%) 1.38 ± 0.45

ZH, 150 < pZT <250 GeV, naddjets≥1 0.257 ± 0.096 (0.1%) 0.23 ± 0.21 (0.1%) 0.89 ± 0.88

ZH, 250 < pZT <400 GeV, naddjets=0 0.66 ± 0.11 (0.3%) 0.53 ± 0.29 (0.2%) 0.8 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.052 ± 0.022 (0.0%) 0.021 ± 0.043 (0.0%) 0.4 ± 0.84

Other WH 17.80 ± 3.70 (8.8%) 17.80 ± 3.10 (7.9%) 1 ± 0.27
WH, 150 < pWT <250 GeV, naddjets=0 152.0 ± 13.0 (75.3%) 178.0 ± 69.0 (79.0%) 1.17 ± 0.46

WH, 150 < pWT <250 GeV, naddjets≥1 8.1 ± 2.8 (4.0%) -1.0 ± 16.0 (-0.4%) -0.1 ± -2

WH, 250 < pWT <400 GeV, naddjets=0 17.4 ± 2.5 (8.6%) 23.9 ± 8.5 (10.6%) 1.37 ± 0.53

WH, 250 < pWT <400 GeV, naddjets≥1 1.22 ± 0.5 (0.6%) -0.2 ± 1.6 (-0.1%) -0.2 ± -1.3

Signal 184.0 ± 16.0 208.0 ± 66.0 1.13 ± 0.37
Background 14700.0 ± 1900.0 14910.0 ± 130.0 1.01 ± 0.13

Data 15147.0 15147.0 1.00e+00



Appendix A. Data-MC plots and yields 161

Table A.6: The post-fit vs pre-fit yields for the 1-lepton, 3-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and
Single-top samples. Multijet is the total multijet contribution, while Multijet e-channel is just

the multijet contribution from the electron channel.

Pre-fit Post-fit Post/Pre

Z+hf 190.0 ± 14.0 209.0 ± 12.0 1.1 ± 0.1
Z+jets 191.0 ± 14.0 (0.7%) 210.0 ± 12.0 (0.8%) 1.1 ± 0.1
W+hf 2980.0 ± 210.0 3090.0 ± 310.0 1.04 ± 0.13
W+jets 3010.0 ± 210.0 (11.5%) 3120.0 ± 310.0 (12.4%) 1.04 ± 0.13

Single-top 3140.0 ± 580.0 (12.0%) 2970.0 ± 510.0 (11.8%) 0.95 ± 0.24
tt̄ 19600.0 ± 2600.0 (74.7%) 18610.0 ± 560.0 (74.1%) 0.95 ± 0.13

Tops 22700.0 ± 2800.0 21570.0 ± 320.0 0.95 ± 0.12
diboson 310.0 ± 120.0 (1.2%) 221.0 ± 76.0 (0.9%) 0.71 ± 0.37
Multijet 160.0 ± 110.0 191.0 ± 66.0 1.19 ± 0.92

Multijet e-channel 150.0 ± 110.0 190.0 ± 66.0 1.3 ± 1

Other ZH 0.03 ± 0.04 (0.0%) 0.03 ± 0.03 (0.0%) 0.9 ± 1.6
ZH, 75 < pZT <150 GeV, naddjets=0 0.3 ± 0.19 (0.2%) 0.34 ± 0.36 (0.2%) 1.1 ± 1.4

ZH, 75 < pZT <150 GeV, naddjets≥1 0.207 ± 0.06 (0.2%) 0.13 ± 0.33 (0.1%) 0.6 ± 1.6

ZH, 150 < pZT <250 GeV, naddjets=0 1.96 ± 0.37 (1.6%) 2.55 ± 0.95 (1.6%) 1.3 ± 0.54

ZH, 150 < pZT <250 GeV, naddjets≥1 1.24 ± 0.25 (1.0%) 2.5 ± 1.2 (1.5%) 2 ± 1

ZH, 250 < pZT <400 GeV, naddjets=0 0.535 ± 0.093 (0.4%) 0.26 ± 0.25 (0.2%) 0.49 ± 0.47

ZH, 250 < pZT <400 GeV, naddjets≥1 0.27 ± 0.061 (0.2%) 0.43 ± 0.28 (0.3%) 1.6 ± 1.1

Other WH 12.43 ± 2.98 (9.9%) 12.83 ± 2.57 (7.8%) 1.03 ± 0.32
WH, 150 < pWT <250 GeV, naddjets=0 58.2 ± 6.7 (46.2%) 76.0 ± 29.0 (46.4%) 1.31 ± 0.52

WH, 150 < pWT <250 GeV, naddjets≥1 39.2 ± 4.9 (31.1%) 60.0 ± 110.0 (36.6%) 1.5 ± 2.8

WH, 250 < pWT <400 GeV, naddjets=0 6.17 ± 0.66 (4.9%) 7.9 ± 3.0 (4.8%) 1.28 ± 0.51

WH, 250 < pWT <400 GeV, naddjets≥1 5.4 ± 1.0 (4.3%) 1.0 ± 10.0 (0.6%) 0.2 ± 1.9

Signal 113.5 ± 7.2 150.0 ± 100.0 1.32 ± 0.89
Background 26400.0 ± 2900.0 25330.0 ± 180.0 0.96 ± 0.11

Data 25505.0 25505.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 286.0 ± 18.0 308.0 ± 19.0 1.077 ± 0.095
Z+jets 286.0 ± 18.0 (0.5%) 308.0 ± 19.0 (0.6%) 1.077 ± 0.095
W+hf 4080.0 ± 290.0 4370.0 ± 570.0 1.07 ± 0.16
W+jets 4130.0 ± 300.0 (7.8%) 4430.0 ± 570.0 (8.6%) 1.07 ± 0.16

Single-top 5200.0 ± 1000.0 (9.8%) 4540.0 ± 820.0 (8.8%) 0.87 ± 0.23
tt̄ 43200.0 ± 3300.0 (81.2%) 42010.0 ± 910.0 (81.4%) 0.972 ± 0.077

Tops 48500.0 ± 3600.0 46540.0 ± 490.0 0.96 ± 0.072
diboson 380.0 ± 140.0 (0.7%) 300.0 ± 110.0 (0.6%) 0.79 ± 0.41
Multijet 180.0 ± 140.0 450.0 ± 320.0 2.5 ± 2.6

Multijet e-channel 180.0 ± 140.0 450.0 ± 320.0 2.5 ± 2.6

Other ZH 0.04 ± 0.03 (0.0%) 0.04 ± 0.03 (0.1%) 0.9 ± 0.84
ZH, 75 < pZT <150 GeV, naddjets=0 0.27 ± 0.17 (0.2%) 0.52 ± 0.44 (0.8%) 1.9 ± 2

ZH, 75 < pZT <150 GeV, naddjets≥1 0.4 ± 0.11 (0.3%) -0.08 ± 0.55 (-0.1%) -0.2 ± -1.4

ZH, 150 < pZT <250 GeV, naddjets=0 1.51 ± 0.32 (1.2%) 2.31 ± 0.8 (3.7%) 1.53 ± 0.62

ZH, 150 < pZT <250 GeV, naddjets≥1 2.09 ± 0.4 (1.7%) 2.0 ± 1.6 (3.2%) 0.96 ± 0.79

ZH, 250 < pZT <400 GeV, naddjets=0 0.514 ± 0.088 (0.4%) 0.44 ± 0.24 (0.7%) 0.86 ± 0.49

ZH, 250 < pZT <400 GeV, naddjets≥1 0.432 ± 0.097 (0.3%) 0.19 ± 0.37 (0.3%) 0.44 ± 0.86

Other WH 14.00 ± 3.00 (11.1%) 14.80 ± 2.60 (23.6%) 1.06 ± 0.29
WH, 150 < pWT <250 GeV, naddjets=0 35.8 ± 6.2 (28.4%) 48.0 ± 21.0 (76.4%) 1.34 ± 0.63

WH, 150 < pWT <250 GeV, naddjets≥1 59.8 ± 6.3 (47.5%) -10.0 ± 130.0 (-15.9%) -0.2 ± -2.2

WH, 250 < pWT <400 GeV, naddjets=0 3.49 ± 0.56 (2.8%) 5.6 ± 2.0 (8.9%) 1.6 ± 0.63

WH, 250 < pWT <400 GeV, naddjets≥1 7.6 ± 1.3 (6.0%) -1.0 ± 10.0 (-1.6%) -0.1 ± -1.3

Signal 111.9 ± 7.7 50.0 ± 120.0 0.4 ± 1.1
Background 53500.0 ± 3800.0 52050.0 ± 250.0 0.973 ± 0.069

Data 52170.0 52170.0 1.00e+00
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Table A.7: The post-fit vs pre-fit yields for the 1-lepton, 2-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and
Single-top samples. Multijet is the total multijet contribution, while Multijet e-channel is just

the multijet contribution from the electron channel.

Pre-fit Post-fit Post/Pre

Z+hf 9.3 ± 1.4 11.11 ± 0.96 1.19 ± 0.21
Z+jets 9.3 ± 1.4 (1.8%) 11.11 ± 0.96 (2.2%) 1.19 ± 0.21
W+hf 294.0 ± 51.0 302.0 ± 30.0 1.03 ± 0.21
W+jets 298.0 ± 52.0 (59.1%) 305.0 ± 30.0 (59.6%) 1.02 ± 0.21

Single-top 40.9 ± 10.0 (8.1%) 38.6 ± 8.2 (7.5%) 0.94 ± 0.31
tt̄ 106.0 ± 32.0 (21.0%) 100.0 ± 16.0 (19.5%) 0.94 ± 0.32

Tops 147.0 ± 35.0 139.0 ± 16.0 0.95 ± 0.25
diboson 50.0 ± 19.0 (9.9%) 57.0 ± 15.0 (11.1%) 1.14 ± 0.53
Multijet 16.0 ± 10.0 13.6 ± 9.2 0.85 ± 0.78

Multijet e-channel 15.0 ± 10.0 12.6 ± 9.2 0.84 ± 0.83

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.8 ± 2
ZH, 150 < pZT <250 GeV, naddjets=0 0.052 ± 0.028 (0.1%) 0.071 ± 0.043 (0.2%) 1.4 ± 1.1

ZH, 150 < pZT <250 GeV, naddjets≥1 0.0024 ± 0.0033 (0.0%) 0.0045 ± 0.0061 (0.0%) 1.9 ± 3.6

ZH, 250 < pZT <400 GeV, naddjets=0 0.465 ± 0.074 (1.2%) 0.23 ± 0.21 (0.5%) 0.49 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.0138 ± 0.0069 (0.0%) 0.019 ± 0.015 (0.0%) 1.4 ± 1.3

WH, 150 < pWT <250 GeV, naddjets=0 3.35 ± 0.89 (8.7%) 4.3 ± 1.9 (9.1%) 1.28 ± 0.66

WH, 150 < pWT <250 GeV, naddjets≥1 0.145 ± 0.072 (0.4%) 0.23 ± 0.42 (0.5%) 1.6 ± 3

WH, 250 < pWT <400 GeV, naddjets=0 33.6 ± 4.0 (86.9%) 42.0 ± 15.0 (89.3%) 1.25 ± 0.47

WH, 250 < pWT <400 GeV, naddjets≥1 1.03 ± 0.36 (2.7%) 0.2 ± 2.0 (0.4%) 0.2 ± 1.9

Signal 38.6 ± 4.4 47.0 ± 14.0 1.22 ± 0.39
Background 519.0 ± 74.0 526.0 ± 21.0 1.01 ± 0.15

Data 563.0 563.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 16.3 ± 1.8 19.9 ± 1.3 1.22 ± 0.16
Z+jets 16.3 ± 1.8 (1.8%) 19.9 ± 1.3 (2.2%) 1.22 ± 0.16
W+hf 468.0 ± 78.0 453.0 ± 55.0 0.97 ± 0.2
W+jets 474.0 ± 78.0 (51.5%) 460.0 ± 55.0 (51.2%) 0.97 ± 0.2

Single-top 84.0 ± 20.0 (9.1%) 77.0 ± 16.0 (8.6%) 0.92 ± 0.29
tt̄ 275.0 ± 83.0 (29.9%) 279.0 ± 32.0 (31.1%) 1.01 ± 0.33

Tops 359.0 ± 87.0 356.0 ± 33.0 0.99 ± 0.26
diboson 71.0 ± 26.0 (7.7%) 62.0 ± 18.0 (6.9%) 0.87 ± 0.41
Multijet 57.0 ± 33.0 50.0 ± 29.0 0.88 ± 0.72

Multijet e-channel 54.0 ± 32.0 47.0 ± 29.0 0.87 ± 0.74

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.45 ± 0.98
ZH, 150 < pZT <250 GeV, naddjets=0 0.084 ± 0.046 (0.2%) 0.132 ± 0.079 (0.2%) 1.6 ± 1.3

ZH, 150 < pZT <250 GeV, naddjets≥1 0.0046 ± 0.0061 (0.0%) 0.0052 ± 0.008 (0.0%) 1.1 ± 2.3

ZH, 250 < pZT <400 GeV, naddjets=0 0.68 ± 0.11 (1.2%) 0.57 ± 0.3 (0.8%) 0.84 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.046 ± 0.021 (0.1%) 0.018 ± 0.037 (0.0%) 0.39 ± 0.82

WH, 150 < pWT <250 GeV, naddjets=0 5.1 ± 1.4 (9.4%) 6.5 ± 3.0 (9.2%) 1.27 ± 0.68

WH, 150 < pWT <250 GeV, naddjets≥1 0.37 ± 0.17 (0.7%) -0.05 ± 0.81 (-0.1%) -0.1 ± -2.2

WH, 250 < pWT <400 GeV, naddjets=0 45.4 ± 4.8 (83.3%) 64.0 ± 21.0 (90.6%) 1.41 ± 0.49

WH, 250 < pWT <400 GeV, naddjets≥1 2.8 ± 0.95 (5.1%) -0.5 ± 3.7 (-0.7%) -0.2 ± -1.3

Signal 54.5 ± 5.5 70.0 ± 21.0 1.28 ± 0.41
Background 980.0 ± 130.0 948.0 ± 30.0 0.97 ± 0.13

Data 1020.0 1020.0 1.00e+00
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Table A.8: The post-fit vs pre-fit yields for the 1-lepton, 3-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are the
signal events that fall outside of the STXS regions under study. The Z+hf sample is the heavy
flavour component of the Z+jets sample, likewise for W+jets. Tops is the sum of the tt̄ and
Single-top samples. Multijet is the total multijet contribution, while Multijet e-channel is just

the multijet contribution from the electron channel.

Pre-fit Post-fit Post/Pre

Z+hf 19.5 ± 2.0 20.3 ± 1.5 1.04 ± 0.13
Z+jets 20.2 ± 2.0 (1.4%) 21.1 ± 1.5 (1.5%) 1.04 ± 0.13
W+hf 526.0 ± 88.0 627.0 ± 58.0 1.19 ± 0.23
W+jets 531.0 ± 88.0 (35.9%) 632.0 ± 58.0 (43.7%) 1.19 ± 0.23

Single-top 169.0 ± 36.0 (11.4%) 163.0 ± 32.0 (11.3%) 0.96 ± 0.28
tt̄ 690.0 ± 240.0 (46.7%) 582.0 ± 45.0 (40.2%) 0.84 ± 0.3

Tops 860.0 ± 240.0 745.0 ± 43.0 0.87 ± 0.25
diboson 67.0 ± 26.0 (4.5%) 48.0 ± 17.0 (3.3%) 0.72 ± 0.38
Multijet 56.0 ± 40.0 69.0 ± 24.0 1.23 ± 0.98

Multijet e-channel 56.0 ± 40.0 69.0 ± 24.0 1.23 ± 0.98

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.71 ± 0.78
ZH, 75 < pZT <150 GeV, naddjets≥1 0.0013 ± 0.002 (0.0%) 0.0008 ± 0.0025 (0.0%) 0.6 ± 2.1

ZH, 150 < pZT <250 GeV, naddjets=0 0.041 ± 0.032 (0.1%) 0.064 ± 0.051 (0.2%) 1.6 ± 1.7

ZH, 150 < pZT <250 GeV, naddjets≥1 0.024 ± 0.019 (0.1%) 0.048 ± 0.045 (0.2%) 2 ± 2.5

ZH, 250 < pZT <400 GeV, naddjets=0 0.346 ± 0.088 (1.0%) 0.18 ± 0.17 (0.6%) 0.52 ± 0.51

ZH, 250 < pZT <400 GeV, naddjets≥1 0.246 ± 0.047 (0.7%) 0.4 ± 0.26 (1.3%) 1.6 ± 1.1

Other WH 0.02 ± 0.02 (0.0%) 0.01 ± 0.02 (0.0%) 0.9 ± 1.8
WH, 150 < pWT <250 GeV, naddjets=0 2.42 ± 0.82 (7.0%) 3.4 ± 1.6 (11.4%) 1.4 ± 0.81

WH, 150 < pWT <250 GeV, naddjets≥1 1.6 ± 0.33 (4.6%) 2.6 ± 4.7 (8.7%) 1.6 ± 3

WH, 250 < pWT <400 GeV, naddjets=0 15.9 ± 2.2 (45.8%) 21.1 ± 8.0 (70.8%) 1.33 ± 0.54

WH, 250 < pWT <400 GeV, naddjets≥1 14.1 ± 2.0 (40.6%) 2.0 ± 29.0 (6.7%) 0.1 ± 2.1

Signal 34.7 ± 3.3 30.0 ± 26.0 0.86 ± 0.75
Background 1530.0 ± 270.0 1515.0 ± 40.0 0.99 ± 0.18

Data 1573.0 1573.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 30.1 ± 3.1 31.5 ± 2.0 1.05 ± 0.13
Z+jets 31.1 ± 3.1 (1.1%) 32.7 ± 2.1 (1.2%) 1.05 ± 0.12
W+hf 780.0 ± 130.0 920.0 ± 130.0 1.18 ± 0.26
W+jets 790.0 ± 130.0 (27.6%) 930.0 ± 130.0 (33.7%) 1.18 ± 0.25

Single-top 307.0 ± 67.0 (10.7%) 271.0 ± 55.0 (9.8%) 0.88 ± 0.26
tt̄ 1640.0 ± 470.0 (57.4%) 1455.0 ± 91.0 (52.7%) 0.89 ± 0.26

Tops 1940.0 ± 480.0 1726.0 ± 83.0 0.89 ± 0.22
diboson 90.0 ± 35.0 (3.1%) 70.0 ± 27.0 (2.5%) 0.78 ± 0.43
Multijet 73.0 ± 54.0 180.0 ± 130.0 2.5 ± 2.5

Multijet e-channel 73.0 ± 54.0 180.0 ± 130.0 2.5 ± 2.5

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.78 ± 0.77
ZH, 75 < pZT <150 GeV, naddjets≥1 0.001 ± 0.0015 (0.0%) -0.0002 ± 0.0014 (-0.0%) -0.2 ± -1.4

ZH, 150 < pZT <250 GeV, naddjets=0 0.036 ± 0.028 (0.1%) 0.068 ± 0.055 (0.5%) 1.9 ± 2.1

ZH, 150 < pZT <250 GeV, naddjets≥1 0.05 ± 0.036 (0.1%) 0.051 ± 0.055 (0.3%) 1 ± 1.3

ZH, 250 < pZT <400 GeV, naddjets=0 0.265 ± 0.071 (0.7%) 0.25 ± 0.15 (1.7%) 0.94 ± 0.62

ZH, 250 < pZT <400 GeV, naddjets≥1 0.413 ± 0.076 (1.2%) 0.18 ± 0.36 (1.2%) 0.44 ± 0.88

Other WH 0.02 ± 0.03 (0.1%) 0.02 ± 0.02 (0.1%) 0.9 ± 1.5
WH, 150 < pWT <250 GeV, naddjets=0 1.88 ± 0.71 (5.2%) 2.8 ± 1.4 (18.7%) 1.49 ± 0.93

WH, 150 < pWT <250 GeV, naddjets≥1 2.58 ± 0.54 (7.2%) -0.3 ± 6.0 (-2.0%) -0.1 ± -2.3

WH, 250 < pWT <400 GeV, naddjets=0 9.6 ± 1.9 (26.8%) 15.9 ± 5.6 (106.2%) 1.66 ± 0.67

WH, 250 < pWT <400 GeV, naddjets≥1 21.0 ± 2.5 (58.6%) -4.0 ± 29.0 (-26.7%) -0.2 ± -1.4

Signal 35.8 ± 3.4 15.0 ± 28.0 0.42 ± 0.78
Background 2930.0 ± 510.0 2941.0 ± 54.0 1 ± 0.18

Data 3009.0 3009.0 1.00e+00
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Table A.9: The post-fit vs pre-fit yields for the 2-lepton, 2-jet, 75 <pVT < 150 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 5060.0 ± 450.0 6290.0 ± 140.0 1.24 ± 0.11
Z+jets 5060.0 ± 450.0 (94.5%) 6300.0 ± 140.0 (95.7%) 1.25 ± 0.11
W+hf 0.237626 ± 2.7e-05 0.27 ± 0.039 1.14 ± 0.16
W+jets 0.237626 ± 2.7e-05 (0.0%) 0.27 ± 0.039 (0.0%) 1.14 ± 0.16

Tops 3238.0 ± 26.0 3284.0 ± 58.0 1.014 ± 0.02
diboson 293.0 ± 84.0 (5.5%) 284.0 ± 50.0 (4.3%) 0.97 ± 0.33

Other ZH 0.93 ± 3.08 (1.2%) 0.87 ± 2.79 (1.1%) 0.9 ± 4.3
ZH, 75 < pZT <150 GeV, naddjets=0 72.8 ± 9.7 (94.0%) 76.0 ± 65.0 (95.0%) 1.04 ± 0.9

ZH, 75 < pZT <150 GeV, naddjets≥1 2.4 ± 0.72 (3.1%) 1.5 ± 3.8 (1.9%) 0.6 ± 1.6

ZH, 150 < pZT <250 GeV, naddjets=0 1.28 ± 0.3 (1.7%) 1.57 ± 0.57 (2.0%) 1.23 ± 0.53

ZH, 150 < pZT <250 GeV, naddjets≥1 0.05 ± 0.037 (0.1%) 0.097 ± 0.079 (0.1%) 1.9 ± 2.1

Other WH 0.00 ± 0.01 (0.0%) 0.00 ± 0.00 (0.0%) 0.7 ± 1.4
WH, 150 < pWT <250 GeV, naddjets=0 0.0016 ± 0.0018 (0.0%) 0.0017 ± 0.0021 (0.0%) 1.1 ± 1.8

WH, 150 < pWT <250 GeV, naddjets≥1 0.00031 ± 0.00033 (0.0%) 0.0005 ± 0.001 (0.0%) 1.6 ± 3.7

WH, 250 < pWT <400 GeV, naddjets=0 0.00033 ± 0.00048 (0.0%) 0.00039 ± 0.00057 (0.0%) 1.2 ± 2.4

Signal 77.0 ± 10.0 79.0 ± 64.0 1.03 ± 0.84
Background 8590.0 ± 480.0 9860.0 ± 110.0 1.148 ± 0.065

Data 10018.0 10018.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 7780.0 ± 580.0 9570.0 ± 180.0 1.23 ± 0.095
Z+jets 7810.0 ± 580.0 (95.1%) 9610.0 ± 180.0 (96.9%) 1.23 ± 0.094
W+hf 0.384283 ± 4.2e-05 0.407 ± 0.061 1.06 ± 0.16
W+jets 0.384283 ± 4.2e-05 (0.0%) 0.407 ± 0.061 (0.0%) 1.06 ± 0.16

Tops 5041.0 ± 40.0 5094.0 ± 75.0 1.011 ± 0.017
diboson 400.0 ± 110.0 (4.9%) 309.0 ± 64.0 (3.1%) 0.77 ± 0.27

Other ZH 1.29 ± 0.63 (1.2%) 1.15 ± 0.57 (0.7%) 0.89 ± 0.62
ZH, 75 < pZT <150 GeV, naddjets=0 101.0 ± 12.0 (91.4%) 155.0 ± 88.0 (98.3%) 1.53 ± 0.89

ZH, 75 < pZT <150 GeV, naddjets≥1 6.3 ± 1.9 (5.7%) -1.1 ± 7.6 (-0.7%) -0.2 ± -1.2

ZH, 150 < pZT <250 GeV, naddjets=0 1.82 ± 0.42 (1.6%) 2.47 ± 0.77 (1.6%) 1.36 ± 0.53

ZH, 150 < pZT <250 GeV, naddjets≥1 0.13 ± 0.096 (0.1%) 0.12 ± 0.13 (0.1%) 0.9 ± 1.2

Other WH 0.01 ± 0.01 (0.0%) 0.00 ± 0.01 (0.0%) 0.6 ± 1.2
WH, 150 < pWT <250 GeV, naddjets=0 0.003 ± 0.0055 (0.0%) 0.001 ± 0.0014 (0.0%) 0.33 ± 0.77

WH, 150 < pWT <250 GeV, naddjets≥1 0.00036 ± 0.00044 (0.0%) -4e-05 ± 0.00068 (-0.0%) -0.1 ± -1.9

Signal 109.0 ± 14.0 157.0 ± 88.0 1.44 ± 0.83
Background 13250.0 ± 610.0 15010.0 ± 150.0 1.133 ± 0.053

Data 15253.0 15253.0 1.00e+00
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Table A.10: The post-fit vs pre-fit yields for the 2-lepton, ≥ 3-jet, 75 <pVT < 150 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 10800.0 ± 910.0 12140.0 ± 180.0 1.124 ± 0.096
Z+jets 10860.0 ± 920.0 (95.5%) 12200.0 ± 180.0 (96.7%) 1.123 ± 0.097
W+hf 3.537 ± 0.083 3.6 ± 0.48 1.02 ± 0.14
W+jets 3.537 ± 0.083 (0.0%) 3.6 ± 0.48 (0.0%) 1.02 ± 0.14

Tops 9130.34 ± 0.43 9097.0 ± 86.0 0.9963 ± 0.0094
diboson 510.0 ± 120.0 (4.5%) 414.0 ± 72.0 (3.3%) 0.81 ± 0.24

Other ZH 1.25 ± 11.17 (1.1%) 1.26 ± 11.37 (1.2%) 1 ± 13
ZH, 75 < pZT <150 GeV, naddjets=0 46.0 ± 11.0 (39.4%) 53.0 ± 46.0 (48.7%) 1.2 ± 1

ZH, 75 < pZT <150 GeV, naddjets≥1 67.0 ± 11.0 (57.4%) 50.0 ± 120.0 (46.0%) 0.7 ± 1.8

ZH, 150 < pZT <250 GeV, naddjets=0 0.96 ± 0.27 (0.8%) 1.31 ± 0.52 (1.2%) 1.36 ± 0.66

ZH, 150 < pZT <250 GeV, naddjets≥1 1.53 ± 0.35 (1.3%) 3.2 ± 1.5 (2.9%) 2.1 ± 1.1

Other WH 0.02 ± 0.02 (0.0%) 0.01 ± 0.01 (0.0%) 0.8 ± 1
WH, 150 < pWT <250 GeV, naddjets=0 0.0024 ± 0.0024 (0.0%) 0.0037 ± 0.0032 (0.0%) 1.5 ± 2

WH, 150 < pWT <250 GeV, naddjets≥1 0.0058 ± 0.0056 (0.0%) 0.007 ± 0.013 (0.0%) 1.2 ± 2.5

WH, 250 < pWT <400 GeV, naddjets≥1 0.00076 ± 0.00094 (0.0%) 0.0002 ± 0.0024 (0.0%) 0.3 ± 3.2

Signal 116.0 ± 18.0 100.0 ± 110.0 0.86 ± 0.96
Background 20510.0 ± 960.0 21720.0 ± 160.0 1.059 ± 0.05

Data 21710.0 21710.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 9250.0 ± 890.0 10300.0 ± 160.0 1.11 ± 0.11
Z+jets 9300.0 ± 900.0 (95.8%) 10360.0 ± 160.0 (97.0%) 1.11 ± 0.11
W+hf 3.491 ± 0.083 3.8 ± 0.59 1.09 ± 0.17
W+jets 3.491 ± 0.083 (0.0%) 3.8 ± 0.59 (0.0%) 1.09 ± 0.17

Tops 8203.25 ± 0.37 8157.0 ± 81.0 0.9944 ± 0.0099
diboson 405.0 ± 94.0 (4.2%) 316.0 ± 59.0 (3.0%) 0.78 ± 0.23

Other ZH 0.97 ± 0.42 (1.1%) 0.96 ± 0.40 (3.2%) 0.98 ± 0.59
ZH, 75 < pZT <150 GeV, naddjets=0 20.8 ± 6.3 (22.9%) 40.0 ± 25.0 (132.3%) 1.9 ± 1.3

ZH, 75 < pZT <150 GeV, naddjets≥1 67.0 ± 10.0 (73.8%) -13.0 ± 89.0 (-43.0%) -0.2 ± -1.3

ZH, 150 < pZT <250 GeV, naddjets=0 0.46 ± 0.15 (0.5%) 0.76 ± 0.29 (2.5%) 1.65 ± 0.83

ZH, 150 < pZT <250 GeV, naddjets≥1 1.56 ± 0.36 (1.7%) 1.5 ± 1.3 (5.0%) 0.96 ± 0.86

Other WH 0.01 ± 0.02 (0.0%) 0.01 ± 0.01 (0.0%) 0.7 ± 1
WH, 150 < pWT <250 GeV, naddjets=0 0.0019 ± 0.0012 (0.0%) 0.0019 ± 0.0012 (0.0%) 1 ± 0.89

WH, 150 < pWT <250 GeV, naddjets≥1 0.0058 ± 0.0055 (0.0%) -0.0006 ± 0.0098 (-0.0%) -0.1 ± -1.7

WH, 250 < pWT <400 GeV, naddjets≥1 0.00076 ± 0.0009 (0.0%) -0.0002 ± 0.0013 (-0.0%) -0.3 ± -1.7

Signal 90.0 ± 14.0 29.0 ± 90.0 0.3 ± 1
Background 17910.0 ± 930.0 18830.0 ± 140.0 1.051 ± 0.055

Data 18726.0 18726.0 1.00e+00
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Table A.11: The post-fit vs pre-fit yields for the 2-lepton, 2-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 608.0 ± 63.0 700.0 ± 26.0 1.15 ± 0.13
Z+jets 609.0 ± 63.0 (88.6%) 701.0 ± 26.0 (90.2%) 1.15 ± 0.13
W+hf 0.191557 ± 2.2e-05 0.216 ± 0.031 1.13 ± 0.16
W+jets 0.191557 ± 2.2e-05 (0.0%) 0.216 ± 0.031 (0.0%) 1.13 ± 0.16

Tops 63.69 ± 0.51 63.7 ± 7.8 1 ± 0.12
diboson 78.0 ± 22.0 (11.4%) 76.0 ± 13.0 (9.8%) 0.97 ± 0.32

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.91 ± 0.94
ZH, 75 < pZT <150 GeV, naddjets=0 0.74 ± 0.87 (2.3%) 0.7 ± 1.0 (1.7%) 0.9 ± 1.8

ZH, 75 < pZT <150 GeV, naddjets≥1 0.024 ± 0.034 (0.1%) 0.016 ± 0.049 (0.0%) 0.7 ± 2.2

ZH, 150 < pZT <250 GeV, naddjets=0 29.6 ± 5.3 (92.5%) 37.0 ± 12.0 (91.9%) 1.25 ± 0.46

ZH, 150 < pZT <250 GeV, naddjets≥1 1.18 ± 0.44 (3.7%) 2.3 ± 1.4 (5.7%) 1.9 ± 1.4

ZH, 250 < pZT <400 GeV, naddjets=0 0.43 ± 0.14 (1.3%) 0.21 ± 0.2 (0.5%) 0.49 ± 0.49

ZH, 250 < pZT <400 GeV, naddjets≥1 0.018 ± 0.015 (0.1%) 0.026 ± 0.026 (0.1%) 1.4 ± 1.9

WH, 150 < pWT <250 GeV, naddjets≥1 0.00039 ± 0.00048 (0.0%) 0.0006 ± 0.0014 (0.0%) 1.5 ± 4.1

Signal 32.0 ± 5.7 40.0 ± 12.0 1.25 ± 0.44
Background 751.0 ± 72.0 842.0 ± 23.0 1.12 ± 0.11

Data 872.0 872.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 1006.0 ± 83.0 1155.0 ± 37.0 1.15 ± 0.1
Z+jets 1008.0 ± 83.0 (90.2%) 1159.0 ± 37.0 (93.1%) 1.15 ± 0.1
W+hf 0.418955 ± 4.9e-05 0.445 ± 0.067 1.06 ± 0.16
W+jets 0.418955 ± 4.9e-05 (0.0%) 0.445 ± 0.067 (0.0%) 1.06 ± 0.16

Tops 104.48 ± 0.84 105.0 ± 10.0 1.005 ± 0.096
diboson 109.0 ± 31.0 (9.8%) 85.0 ± 18.0 (6.8%) 0.78 ± 0.28

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.69 ± 0.73
ZH, 75 < pZT <150 GeV, naddjets=0 1.1 ± 1.2 (2.3%) 1.5 ± 1.9 (2.4%) 1.4 ± 2.3

ZH, 75 < pZT <150 GeV, naddjets≥1 0.063 ± 0.09 (0.1%) -0.011 ± 0.075 (-0.0%) -0.2 ± -1.2

ZH, 150 < pZT <250 GeV, naddjets=0 41.9 ± 7.3 (89.5%) 57.0 ± 16.0 (92.2%) 1.36 ± 0.45

ZH, 150 < pZT <250 GeV, naddjets≥1 3.1 ± 1.1 (6.6%) 2.8 ± 2.6 (4.5%) 0.9 ± 0.9

ZH, 250 < pZT <400 GeV, naddjets=0 0.61 ± 0.2 (1.3%) 0.5 ± 0.29 (0.8%) 0.82 ± 0.55

ZH, 250 < pZT <400 GeV, naddjets≥1 0.047 ± 0.035 (0.1%) 0.018 ± 0.038 (0.0%) 0.38 ± 0.86

Other WH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 1 ± 2.2
WH, 150 < pWT <250 GeV, naddjets=0 0.0009 ± 0.0011 (0.0%) 0.00029 ± 0.00034 (0.0%) 0.32 ± 0.55

WH, 150 < pWT <250 GeV, naddjets≥1 0.00039 ± 0.00048 (0.0%) -5e-05 ± 0.00086 (-0.0%) -0.1 ± -2.2

WH, 250 < pWT <400 GeV, naddjets≥1 0.0004 ± 0.00059 (0.0%) -7e-05 ± 0.00052 (-0.0%) -0.2 ± -1.3

Signal 46.8 ± 8.1 62.0 ± 16.0 1.32 ± 0.41
Background 1223.0 ± 93.0 1349.0 ± 32.0 1.103 ± 0.088

Data 1412.0 1412.0 1.00e+00
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Table A.12: The post-fit vs pre-fit yields for the 2-lepton, ≥ 3-jet, 150 <pVT < 250 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 2110.0 ± 150.0 2291.0 ± 52.0 1.086 ± 0.081
Z+jets 2120.0 ± 150.0 (92.4%) 2299.0 ± 51.0 (94.2%) 1.084 ± 0.08
W+hf 1.186 ± 0.035 1.21 ± 0.16 1.02 ± 0.14
W+jets 1.186 ± 0.035 (0.1%) 1.21 ± 0.16 (0.0%) 1.02 ± 0.14

Tops 388.228 ± 0.017 377.0 ± 18.0 0.971 ± 0.046
diboson 174.0 ± 40.0 (7.6%) 141.0 ± 25.0 (5.8%) 0.81 ± 0.24

Other ZH 0.01 ± 0.00 (0.0%) 0.01 ± 0.00 (0.0%) 0.87 ± 0.33
ZH, 75 < pZT <150 GeV, naddjets=0 0.55 ± 0.54 (0.9%) 0.69 ± 0.88 (0.6%) 1.3 ± 2

ZH, 75 < pZT <150 GeV, naddjets≥1 0.77 ± 0.67 (1.3%) 0.6 ± 1.6 (0.5%) 0.8 ± 2.2

ZH, 150 < pZT <250 GeV, naddjets=0 22.3 ± 5.4 (36.5%) 31.0 ± 12.0 (27.8%) 1.39 ± 0.63

ZH, 150 < pZT <250 GeV, naddjets≥1 36.5 ± 7.6 (59.8%) 78.0 ± 36.0 (70.0%) 2.1 ± 1.1

ZH, 250 < pZT <400 GeV, naddjets=0 0.32 ± 0.12 (0.5%) 0.16 ± 0.16 (0.1%) 0.5 ± 0.53

ZH, 250 < pZT <400 GeV, naddjets≥1 0.61 ± 0.17 (1.0%) 1.02 ± 0.68 (0.9%) 1.7 ± 1.2

Other WH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.4 ± 1.3
WH, 150 < pWT <250 GeV, naddjets=0 0.0014 ± 0.0025 (0.0%) 0.0012 ± 0.0017 (0.0%) 0.9 ± 2

WH, 150 < pWT <250 GeV, naddjets≥1 0.0018 ± 0.0018 (0.0%) 0.0014 ± 0.0026 (0.0%) 0.8 ± 1.6

WH, 250 < pWT <400 GeV, naddjets≥1 0.0016 ± 0.0014 (0.0%) 0.0002 ± 0.0028 (0.0%) 0.1 ± 1.8

Signal 61.0 ± 10.0 111.0 ± 33.0 1.82 ± 0.62
Background 2680.0 ± 160.0 2818.0 ± 46.0 1.051 ± 0.065

Data 2868.0 2868.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 2070.0 ± 170.0 2299.0 ± 49.0 1.111 ± 0.094
Z+jets 2080.0 ± 170.0 (93.3%) 2312.0 ± 48.0 (95.1%) 1.112 ± 0.094
W+hf 0.995 ± 0.05 1.1 ± 0.18 1.11 ± 0.19
W+jets 0.995 ± 0.05 (0.0%) 1.1 ± 0.18 (0.0%) 1.11 ± 0.19

Tops 424.622 ± 0.019 414.0 ± 19.0 0.975 ± 0.045
diboson 149.0 ± 34.0 (6.7%) 117.0 ± 22.0 (4.8%) 0.79 ± 0.23

Other ZH 0.01 ± 0.00 (0.0%) 0.01 ± 0.00 (0.0%) 0.99 ± 0.33
ZH, 75 < pZT <150 GeV, naddjets=0 0.28 ± 0.27 (0.5%) 0.53 ± 0.58 (0.9%) 1.9 ± 2.8

ZH, 75 < pZT <150 GeV, naddjets≥1 0.8 ± 0.7 (1.5%) -0.2 ± 1.1 (-0.3%) -0.3 ± -1.4

ZH, 150 < pZT <250 GeV, naddjets=0 11.4 ± 3.2 (22.0%) 18.8 ± 6.9 (32.6%) 1.65 ± 0.76

ZH, 150 < pZT <250 GeV, naddjets≥1 38.6 ± 8.1 (74.4%) 38.0 ± 31.0 (66.0%) 0.98 ± 0.83

ZH, 250 < pZT <400 GeV, naddjets=0 0.161 ± 0.063 (0.3%) 0.16 ± 0.1 (0.3%) 0.99 ± 0.73

ZH, 250 < pZT <400 GeV, naddjets≥1 0.65 ± 0.18 (1.3%) 0.29 ± 0.57 (0.5%) 0.45 ± 0.89

WH, 150 < pWT <250 GeV, naddjets≥1 0.0018 ± 0.0014 (0.0%) -0.0003 ± 0.005 (-0.0%) -0.2 ± -2.8

WH, 250 < pWT <400 GeV, naddjets≥1 0.0012 ± 0.0012 (0.0%) -0.0002 ± 0.0019 (-0.0%) -0.2 ± -1.6

Signal 52.0 ± 9.3 58.0 ± 30.0 1.12 ± 0.61
Background 2660.0 ± 180.0 2844.0 ± 44.0 1.069 ± 0.074

Data 2825.0 2825.0 1.00e+00
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Table A.13: The post-fit vs pre-fit yields for the 2-lepton, 2-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 63.9 ± 7.2 75.7 ± 3.5 1.18 ± 0.14
Z+jets 63.9 ± 7.2 (78.4%) 75.7 ± 3.5 (81.0%) 1.18 ± 0.14
Tops 1.996 ± 0.016 2.1 ± 1.5 1.05 ± 0.75

diboson 17.6 ± 5.3 (21.6%) 17.8 ± 3.2 (19.0%) 1.01 ± 0.35

ZH, 150 < pZT <250 GeV, naddjets=0 0.3 ± 0.48 (3.7%) 0.43 ± 0.68 (9.5%) 1.4 ± 3.2

ZH, 150 < pZT <250 GeV, naddjets≥1 0.013 ± 0.021 (0.2%) 0.028 ± 0.046 (0.6%) 2.2 ± 5

ZH, 250 < pZT <400 GeV, naddjets=0 7.5 ± 1.2 (92.3%) 3.6 ± 3.4 (79.3%) 0.48 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.31 ± 0.12 (3.8%) 0.48 ± 0.36 (10.6%) 1.5 ± 1.3

Signal 8.2 ± 1.4 4.6 ± 3.3 0.56 ± 0.41
Background 83.5 ± 9.9 95.7 ± 3.9 1.15 ± 0.14

Data 110.0 110.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 107.0 ± 10.0 125.2 ± 4.9 1.17 ± 0.12
Z+jets 107.0 ± 10.0 (81.4%) 125.3 ± 4.9 (86.8%) 1.17 ± 0.12
Tops 1.996 ± 0.016 2.4 ± 1.6 1.2 ± 0.8

diboson 24.5 ± 7.1 (18.6%) 19.0 ± 4.0 (13.2%) 0.78 ± 0.28

ZH, 150 < pZT <250 GeV, naddjets=0 0.43 ± 0.68 (3.7%) 0.6 ± 0.92 (6.3%) 1.4 ± 3.1

ZH, 150 < pZT <250 GeV, naddjets≥1 0.033 ± 0.053 (0.3%) 0.031 ± 0.056 (0.3%) 0.9 ± 2.3

ZH, 250 < pZT <400 GeV, naddjets=0 10.3 ± 1.6 (89.2%) 8.5 ± 4.6 (89.9%) 0.83 ± 0.46

ZH, 250 < pZT <400 GeV, naddjets≥1 0.78 ± 0.29 (6.8%) 0.32 ± 0.64 (3.4%) 0.41 ± 0.83

WH, 250 < pWT <400 GeV, naddjets=0 0.00031 ± 0.00041 (0.0%) 0.00043 ± 0.00058 (0.0%) 1.4 ± 2.6

WH, 250 < pWT <400 GeV, naddjets≥1 0.00033 ± 0.00038 (0.0%) -5e-05 ± 0.00039 (-0.0%) -0.2 ± -1.2

Signal 11.6 ± 2.0 9.4 ± 4.5 0.81 ± 0.41
Background 133.0 ± 13.0 146.7 ± 5.1 1.1 ± 0.11

Data 161.0 161.0 1.00e+00
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Table A.14: The post-fit vs pre-fit yields for the 2-lepton, ≥ 3-jet, 250 <pVT < 400 GeV signal
region. The upper table is for the 20 GeV jet pT selection, while the lower table is for 30 GeV.
The percentages in the brackets next to the background (signal) yields are the percentage of
that sample relative to the total background (signal). For the STXS regions, the number of
jets is the number of jets additional to the Higgs decay. The other ZH and WH yields are
the signal events that fall outside of the STXS regions under study. The Z+hf sample is the
heavy flavour component of the Z+jets sample, likewise for W+jets. Tops is the tt̄ +single-top

data-driven estimate derived from the eµ-CR.

Pre-fit Post-fit Post/Pre

Z+hf 352.0 ± 25.0 386.0 ± 11.0 1.097 ± 0.084
Z+jets 354.0 ± 25.0 (88.9%) 388.0 ± 11.0 (91.5%) 1.096 ± 0.083
W+hf 0.275 ± 0.018 0.285 ± 0.041 1.04 ± 0.16
W+jets 0.275 ± 0.018 (0.1%) 0.285 ± 0.041 (0.1%) 1.04 ± 0.16

Tops 10.115 ± 0.00062 9.9 ± 3.1 0.98 ± 0.31
diboson 44.0 ± 10.0 (11.0%) 35.9 ± 6.7 (8.5%) 0.82 ± 0.24

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.9 ± 0.59
ZH, 150 < pZT <250 GeV, naddjets=0 0.24 ± 0.38 (1.5%) 0.38 ± 0.61 (1.8%) 1.6 ± 3.6

ZH, 150 < pZT <250 GeV, naddjets≥1 0.39 ± 0.48 (2.5%) 0.9 ± 1.1 (4.3%) 2.3 ± 4

ZH, 250 < pZT <400 GeV, naddjets=0 5.0 ± 1.2 (31.6%) 2.7 ± 2.5 (12.9%) 0.54 ± 0.52

ZH, 250 < pZT <400 GeV, naddjets≥1 10.2 ± 1.8 (64.4%) 17.0 ± 11.0 (81.0%) 1.7 ± 1.1

WH, 250 < pWT <400 GeV, naddjets=0 0.00031 ± 0.00049 (0.0%) 0.00046 ± 0.00073 (0.0%) 1.5 ± 3.3

WH, 250 < pWT <400 GeV, naddjets≥1 0.0014 ± 0.0016 (0.0%) 0.0002 ± 0.0026 (0.0%) 0.1 ± 1.9

Signal 15.8 ± 2.3 21.0 ± 10.0 1.33 ± 0.66
Background 408.0 ± 28.0 434.0 ± 11.0 1.064 ± 0.078

Data 441.0 441.0 1.00e+00

Pre-fit Post-fit Post/Pre

Z+hf 368.0 ± 30.0 414.0 ± 12.0 1.125 ± 0.097
Z+jets 369.0 ± 30.0 (90.1%) 416.0 ± 12.0 (92.8%) 1.127 ± 0.097
W+hf 0.275 ± 0.018 0.308 ± 0.05 1.12 ± 0.2
W+jets 0.275 ± 0.018 (0.1%) 0.308 ± 0.05 (0.1%) 1.12 ± 0.2

Tops 12.136 ± 0.00085 11.7 ± 3.3 0.96 ± 0.27
diboson 40.4 ± 9.4 (9.9%) 32.0 ± 6.3 (7.1%) 0.79 ± 0.24

Other ZH 0.00 ± 0.00 (0.0%) 0.00 ± 0.00 (0.0%) 0.95 ± 0.64
ZH, 150 < pZT <250 GeV, naddjets=0 0.13 ± 0.21 (0.9%) 0.21 ± 0.33 (2.6%) 1.6 ± 3.6

ZH, 150 < pZT <250 GeV, naddjets≥1 0.43 ± 0.53 (3.1%) 0.42 ± 0.62 (5.2%) 1 ± 1.9

ZH, 250 < pZT <400 GeV, naddjets=0 2.55 ± 0.7 (18.2%) 2.6 ± 1.4 (32.4%) 1.02 ± 0.62

ZH, 250 < pZT <400 GeV, naddjets≥1 10.9 ± 1.9 (77.8%) 4.8 ± 9.6 (59.8%) 0.44 ± 0.88

WH, 250 < pWT <400 GeV, naddjets≥1 0.0017 ± 0.0016 (0.0%) -0.0004 ± 0.0029 (-0.0%) -0.2 ± -1.7

Signal 14.0 ± 2.2 8.0 ± 9.4 0.57 ± 0.68
Background 422.0 ± 32.0 460.0 ± 11.0 1.09 ± 0.087

Data 471.0 471.0 1.00e+00
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A.2 ∆R(b1, b2)− pVT region yields

This section compares the yields of the MC samples used to define the pVT dependent ∆R(b1, b2)

selection that is used to create the signal region (SR), as well as the two low and high control

regions (CRLow and CRHigh). These selections were defined in the 1-lepton channel, and

applied to the 0- and 2-lepton channels. The selections were chosen such that 10% of the

diboson sample fell within CRLow, and that 5% (15%) of the signal sample fell in CRHigh for

the 2 (3/3+) jets regions. Refer to Section 5.2.1.4 for more information.

The 2 jet events are in Table A.15, and the 3 jet events are in Table A.16. Only the 30 GeV jet

pT selection yields are shown as they show a similar story to the 20 GeV jet pT selection.
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Table A.15: The yields of the diboson and and signal samples in the CRLow, SR and CRHigh
of the 0-, 1- and 2-lepton channels, for the 2 jet events. The yields are shown per pVT region.

Lepton Channel Sample CRLow SR CRHigh

75-150ptv

Two
Signal 0.95 (0.8%) 110.29 (93.5%) 6.74 (5.7%)

Diboson 22.23 (5.1%) 402.83 (92.3%) 11.35 (2.6%)

150-250ptv

Zero
Signal 4.07 (1.9%) 203.45 (93.8%) 9.42 (4.3%)

Diboson 59.83 (10.7%) 488.13 (87.3%) 11.11 (2.0%)

One
Signal 2.64 (1.2%) 201.67 (93.9%) 10.39 (4.8%)

Diboson 38.63 (10.2%) 325.11 (86.1%) 13.87 (3.7%)

Two
Signal 0.30 (0.6%) 46.77 (93.8%) 2.81 (5.6%)

Diboson 4.72 (4.0%) 109.30 (93.0%) 3.48 (3.0%)

250-400ptv

Zero
Signal 0.57 (1.1%) 46.63 (93.8%) 2.53 (5.1%)

Diboson 10.04 (8.8%) 101.24 (88.3%) 3.32 (2.9%)

One
Signal 0.45 (0.7%) 58.50 (94.2%) 3.14 (5.1%)

Diboson 8.07 (9.7%) 71.44 (85.6%) 3.93 (4.7%)

Two
Signal 0.04 (0.4%) 11.68 (94.0%) 0.70 (5.6%)

Diboson 1.71 (6.3%) 24.50 (90.4%) 0.89 (3.3%)

Table A.16: The yields of the diboson and and signal samples in the CRLow, SR and CRHigh
of the 0-, 1- and 2-lepton channels, for the 3 jet events. The yields are shown per pVT region.

Lepton channel Sample CRLow SR CRHigh

75-150ptv

Two
Signal 4.21 (3.7%) 90.81 (80.9%) 17.30 (15.4%)

Diboson 52.72 (9.5%) 405.28 (73.4%) 94.46 (17.1%)

150-250ptv

Zero
Signal 3.33 (2.1%) 138.53 (86.4%) 18.46 (11.5%)

Diboson 46.57 (9.0%) 413.81 (79.7%) 58.81 (11.3%)

One
Signal 3.14 (2.1%) 125.87 (82.8%) 23.01 (15.1%)

Diboson 57.04 (10.3%) 381.74 (69.1%) 113.98 (20.6%)

Two
Signal 1.47 (2.2%) 51.92 (75.9%) 15.03 (22.0%)

Diboson 19.99 (8.7%) 149.40 (65.1%) 60.27 (26.2%)

250-400ptv

Zero
Signal 1.03 (2.7%) 31.73 (81.9%) 5.96 (15.4%)

Diboson 12.94 (11.0%) 83.69 (71.0%) 21.30 (18.1%)

One
Signal 1.23 (2.7%) 38.18 (82.3%) 6.95 (15.0%)

Diboson 15.22 (10.1%) 89.91 (60.0%) 44.80 (29.9%)

Two
Signal 0.37 (1.8%) 14.18 (68.3%) 6.21 (29.9%)

Diboson 6.17 (8.1%) 40.41 (53.3%) 29.27 (38.6%)
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A.3 Data-MC Plots

This section contains all the Data-MC plots of the 14 signal regions and 28 control regions,

for both the pre-fit and post-fit distributions of the 20 GeV and 30 GeV jet pT selections.

For the log-scale plots of the signal regions, please refer to Section 7.3.2. All these plots are

shown in the same manner that the likelihood fit would see them. So the control regions are

single-binned pVT distributions, while the signal regions are MVA distributions that have had

the transformation D applied to the binning, as described in Section 5.2.4.

The plots are laid out as follows:

• 0-lepton, 2-jet, 150 <pVT < 250 GeV, signal regions: Figure A.1

• 0-lepton, 2-jet, 150 <pVT < 250 GeV, control regions: Figure A.2

• 0-lepton, 3-jet, 150 <pVT < 250 GeV, signal regions: Figure A.3

• 0-lepton, 3-jet, 150 <pVT < 250 GeV, control regions: Figure A.4

• 0-lepton, 2-jet, 250 <pVT < 400 GeV, signal regions: Figure A.5

• 0-lepton, 2-jet, 250 <pVT < 400 GeV, control regions: Figure A.6

• 0-lepton, 3-jet, 250 <pVT < 400 GeV, signal regions: Figure A.7

• 0-lepton, 3-jet, 250 <pVT < 400 GeV, control regions: Figure A.8

• 1-lepton, 2-jet, 150 <pVT < 250 GeV, signal regions: Figure A.9

• 1-lepton, 2-jet, 150 <pVT < 250 GeV, control regions: Figure A.10

• 1-lepton, 3-jet, 150 <pVT < 250 GeV, signal regions: Figure A.11

• 1-lepton, 3-jet, 150 <pVT < 250 GeV, control regions: Figure A.12

• 1-lepton, 2-jet, 250 <pVT < 400 GeV, signal regions: Figure A.13

• 1-lepton, 2-jet, 250 <pVT < 400 GeV, control regions: Figure A.14

• 1-lepton, 3-jet, 250 <pVT < 400 GeV, signal regions: Figure A.15

• 1-lepton, 3-jet, 250 <pVT < 400 GeV, control regions: Figure A.16

• 2-lepton, 2-jet, 75 <pVT < 150 GeV, signal regions: Figure A.17

• 2-lepton, 2-jet, 75 <pVT < 150 GeV, control regions: Figure A.18

• 2-lepton, ≥ 3-jet, 75 <pVT < 150 GeV, signal regions: Figure A.19
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• 2-lepton, ≥ 3-jet, 75 <pVT < 150 GeV, control regions: Figure A.20

• 2-lepton, 2-jet, 150 <pVT < 250 GeV, signal regions: Figure A.21

• 2-lepton, 2-jet, 150 <pVT < 250 GeV, control regions: Figure A.22

• 2-lepton, ≥ 3-jet, 150 <pVT < 250 GeV, signal regions: Figure A.23

• 2-lepton, ≥ 3-jet, 150 <pVT < 250 GeV, control regions: Figure A.24

• 2-lepton, 2-jet, 250 <pVT < 400 GeV, signal regions: Figure A.25

• 2-lepton, 2-jet, 250 <pVT < 400 GeV, control regions: Figure A.26

• 2-lepton, ≥ 3-jet, 250 <pVT < 400 GeV, signal regions: Figure A.27

• 2-lepton, ≥ 3-jet, 250 <pVT < 400 GeV, control regions: Figure A.28
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(a) (b)

(c) (d)

Figure A.1: The data-MC plots of the BDT distribution for the 0-lepton, 2-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.



Appendix A. Data-MC plots and yields 175

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.2: The data-MC plots of the BDT distribution for the 0-lepton, 2-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.3: The data-MC plots of the BDT distribution for the 0-lepton, 3-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.4: The data-MC plots of the BDT distribution for the 0-lepton, 3-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.5: The data-MC plots of the BDT distribution for the 0-lepton, 2-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.6: The data-MC plots of the BDT distribution for the 0-lepton, 2-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.7: The data-MC plots of the BDT distribution for the 0-lepton, 3-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.8: The data-MC plots of the BDT distribution for the 0-lepton, 3-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.9: The data-MC plots of the BDT distribution for the 1-lepton, 2-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.10: The data-MC plots of the BDT distribution for the 1-lepton, 2-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.11: The data-MC plots of the BDT distribution for the 1-lepton, 3-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.12: The data-MC plots of the BDT distribution for the 1-lepton, 3-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.



Appendix A. Data-MC plots and yields 186

(a) (b)

(c) (d)

Figure A.13: The data-MC plots of the BDT distribution for the 1-lepton, 2-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.14: The data-MC plots of the BDT distribution for the 1-lepton, 2-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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(a) (b)

(c) (d)

Figure A.15: The data-MC plots of the BDT distribution for the 1-lepton, 3-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.16: The data-MC plots of the BDT distribution for the 1-lepton, 3-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.17: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 75 <pVT <
150 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.18: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 75 <pVT <
150 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.19: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 75 <pVT <
150 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.20: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 75 <pVT <
150 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.21: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.



Appendix A. Data-MC plots and yields 195

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.22: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.23: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 150 <pVT <
250 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.24: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 150 <pVT <
250 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.25: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.26: The data-MC plots of the BDT distribution for the 2-lepton, 2-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Figure A.27: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 250 <pVT <
400 GeV, signal regions. The top row shows the jet pT selection of 20 GeV, while the bottom
row shows 30 GeV. The left column has the pre-fit plots, while the right column has the post-fit
plots. The red line is the signal (filled red histogram) scaled by the factor given in the legend
so that the shape of the signal is easier to see, and the dashed blue line is the total pre-fit
background. The bottom sub-plot shows the ratio of the data to the theory prediction, along

with the relative post-fit error given by the shaded band.
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Figure A.28: The data-MC plots of the BDT distribution for the 2-lepton, ≥ 3-jet, 250 <pVT <
400 GeV control regions. The left column has the pre-fit plots, while the right column has the
post-fit plots. The top row shows the CRLow jet pT selection of 20 GeV, the second row shows
30 GeV CRLow, the third row shows the 20 GeV CRHigh and the fourth row shows the 30
GeV CRHigh. The red line is the signal (filled red histogram) scaled by the factor given in
the legend so that the shape of the signal is easier to see, and the dashed blue line is the total
pre-fit background. The bottom sub-plot shows the ratio of the data to the theory prediction,

along with the relative post-fit error given by the shaded band.
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Rankings and breakdowns of the 10

POI fit uncertainties

This appendix contains extra information on the 10 POI STXS fit described in Chapter 7. In

particular, the ranking of the 15 most impactful nuisance parameters per POI is shown, as well

as the breakdown of how the different uncertainties contribute to the uncertainty on the POIs.

For an explanation of the rankings and breakdowns, refer to Section 7.3.2.

B.1 Uncertainty rankings

This section contains the ranking plots of the 15 most impactful parameters on the signal

strength of each of the 10 different POIs. The results of both the 20 GeV and 30 GeV jet

pT selections are shown. The plots are shown as follows:

• The naddjets=0 and naddjets≥1, WH, 150 < pWT < 250 GeV signal strengths: Figure B.1

• The naddjets=0 and naddjets≥1, WH, 250 < pWT < 400 GeV signal strengths: Figure B.2

• The naddjets=0 and naddjets≥1, ZH, 75 < pZT < 150 GeV signal strengths: Figure B.3

• The naddjets=0 and naddjets≥1, ZH, 150 < pZT < 250 GeV signal strengths: Figure B.4

• The naddjets=0 and naddjets≥1, ZH, 250 < pZT < 400 GeV signal strengths: Figure B.5
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(a) (b)
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Figure B.1: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the WH, 150 < pWT < 250 GeV signal strengths µ̂. The top row is for the naddjets= 0

signal strengths while the bottom row has the naddjets≥ 1 signal strengths. The left column is for
the jet pT selection of 20 GeV and the right column is for 30 GeV. The blue boxes, relating to
the top x-axis, show the post-fit impact on µ̂ after fixing the nuisance parameter to the ±1σ
post-fit uncertainty, and re-running the fit. The solid yellow box shows the pre-fit impact. The
black points, relating to the bottom x-axis, are the pulls, illustrating how much the parameter
deviates from its pre-fit value, with the error bands showing post-fit error, and both normalised
by the pre-fit error. The red points are the free floating normalisations, with the pre-fit values
set to unity. MCStat is the total statistical uncertainty, per bin, of all the non-data samples,
while “DDt stat” is the statistical uncertainty, per bin, for just the data-driven top estimate.
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(a) (b)

(c) (d)

Figure B.2: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the WH, 250 < pWT < 400 GeV signal strengths µ̂. The top row is for the naddjets= 0

signal strengths while the bottom row has the naddjets≥ 1 signal strengths. The left column is for
the jet pT selection of 20 GeV and the right column is for 30 GeV. The blue boxes, relating to
the top x-axis, show the post-fit impact on µ̂ after fixing the nuisance parameter to the ±1σ
post-fit uncertainty, and re-running the fit. The solid yellow box shows the pre-fit impact. The
black points, relating to the bottom x-axis, are the pulls, illustrating how much the parameter
deviates from its pre-fit value, with the error bands showing post-fit error, and both normalised
by the pre-fit error. The red points are the free floating normalisations, with the pre-fit values
set to unity. MCStat is the total statistical uncertainty, per bin, of all the non-data samples,
while “DDt stat” is the statistical uncertainty, per bin, for just the data-driven top estimate.
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(a) (b)

(c) (d)

Figure B.3: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the ZH, 75 < pZT < 150 GeV signal strengths µ̂. The top row is for the naddjets= 0

signal strengths while the bottom row has the naddjets≥ 1 signal strengths. The left column is for
the jet pT selection of 20 GeV and the right column is for 30 GeV. The blue boxes, relating to
the top x-axis, show the post-fit impact on µ̂ after fixing the nuisance parameter to the ±1σ
post-fit uncertainty, and re-running the fit. The solid yellow box shows the pre-fit impact. The
black points, relating to the bottom x-axis, are the pulls, illustrating how much the parameter
deviates from its pre-fit value, with the error bands showing post-fit error, and both normalised
by the pre-fit error. The red points are the free floating normalisations, with the pre-fit values
set to unity. MCStat is the total statistical uncertainty, per bin, of all the non-data samples,
while “DDt stat” is the statistical uncertainty, per bin, for just the data-driven top estimate.
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(a) (b)

(c) (d)

Figure B.4: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the ZH, 150 < pZT < 250 GeV signal strengths µ̂. The top row is for the naddjets= 0

signal strengths while the bottom row has the naddjets≥ 1 signal strengths. The left column is for
the jet pT selection of 20 GeV and the right column is for 30 GeV. The blue boxes, relating to
the top x-axis, show the post-fit impact on µ̂ after fixing the nuisance parameter to the ±1σ
post-fit uncertainty, and re-running the fit. The solid yellow box shows the pre-fit impact. The
black points, relating to the bottom x-axis, are the pulls, illustrating how much the parameter
deviates from its pre-fit value, with the error bands showing post-fit error, and both normalised
by the pre-fit error. The red points are the free floating normalisations, with the pre-fit values
set to unity. MCStat is the total statistical uncertainty, per bin, of all the non-data samples,
while “DDt stat” is the statistical uncertainty, per bin, for just the data-driven top estimate.
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(a) (b)

(c) (d)

Figure B.5: The ranking of the nuisance parameters, in descending order, in terms of their
impact on the ZH, 250 < pZT < 400 GeV signal strengths µ̂. The top row is for the naddjets= 0

signal strengths while the bottom row has the naddjets≥ 1 signal strengths. The left column is for
the jet pT selection of 20 GeV and the right column is for 30 GeV. The blue boxes, relating to
the top x-axis, show the post-fit impact on µ̂ after fixing the nuisance parameter to the ±1σ
post-fit uncertainty, and re-running the fit. The solid yellow box shows the pre-fit impact. The
black points, relating to the bottom x-axis, are the pulls, illustrating how much the parameter
deviates from its pre-fit value, with the error bands showing post-fit error, and both normalised
by the pre-fit error. The red points are the free floating normalisations, with the pre-fit values
set to unity. MCStat is the total statistical uncertainty, per bin, of all the non-data samples,
while “DDt stat” is the statistical uncertainty, per bin, for just the data-driven top estimate.
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B.2 Uncertainty breakdowns

This section presents the breakdowns of how the different sources of uncertainties contribute to

the uncertainty on the signal strength of each POI. A direct comparison between the 20 GeV

and 30 GeV jet pT selections is also made. The breakdowns are set out as follows:

• The naddjets=0 and naddjets≥1, WH, 150 < pWT < 250 GeV signal strengths: Table B.1

• The naddjets=0 and naddjets≥1, WH, 250 < pWT < 400 GeV signal strengths: Table B.2

• The naddjets=0 and naddjets≥1, ZH, 75 < pZT < 150 GeV signal strengths: Table B.3

• The naddjets=0 and naddjets≥1, ZH, 150 < pZT < 250 GeV signal strengths: Table B.4

• The naddjets=0 and naddjets≥1, ZH, 250 < pZT < 400 GeV signal strengths: Table B.5
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Table B.1: Breakdown of the actual contributions to the total uncertainty on the WH, 150 <
pWT < 250 GeV signal strengths, with naddjets= 0 on the left and naddjets≥ 1 on the right. The
row below the column headings show the value of the signal strength, along with the total

uncertainty on that signal strength.

20 GeV 30 GeV Ratio

Signal Strength 1.29 1.26 0.979
Total 0.491 0.503 1.024

DataStat 0.390 0.376 0.964
FullSyst 0.297 0.334 1.125

Data stat only 0.315 0.324 1.029
MC stat 0.117 0.115 0.983

Top-emu CR stat 0.018 0.024 1.333
Floating normalizations 0.238 0.193 0.811

Modelling: VH 0.092 0.091 0.989
Modelling: Background 0.173 0.200 1.156

Multi Jet 0.035 0.052 1.486
Modelling: single top 0.064 0.061 0.953

Modelling: ttbar 0.137 0.152 1.109
Modelling: W+jets 0.069 0.093 1.348
Modelling: Z+jets 0.043 0.077 1.791

Modelling: Diboson 0.064 0.068 1.062

Experimental Syst 0.129 0.164 1.271
Detector: lepton 0.007 0.005 0.714
Detector: MET 0.061 0.042 0.689
Detector: JET 0.084 0.132 1.571

Detector: FTAG (b-jet) 0.042 0.039 0.929
Detector: FTAG (c-jet) 0.045 0.057 1.267
Detector: FTAG (l-jet) 0.004 0.005 1.250

Detector: PU 0.029 0.047 1.621
Lumi 0.018 0.008 0.444

20 GeV 30 GeV Ratio

Signal Strength 1.7 -0.13 -0.075
Total 3.030 2.275 0.751

DataStat 2.126 1.486 0.699
FullSyst 2.159 1.723 0.798

Data stat only 1.657 1.250 0.754
MC stat 0.763 0.543 0.712

Top-emu CR stat 0.195 0.167 0.856
Floating normalisations 1.542 0.910 0.590

Modelling: VH 0.388 0.224 0.577
Modelling: Background 1.171 0.849 0.725

Multi Jet 0.370 0.399 1.078
Modelling: single top 0.379 0.281 0.741

Modelling: ttbar 0.928 0.709 0.764
Modelling: W+jets 0.582 0.241 0.414
Modelling: Z+jets 0.345 0.161 0.467

Modelling: Diboson 0.244 0.168 0.689

Experimental Syst 1.228 1.021 0.831
Detector: lepton 0.038 0.031 0.816
Detector: MET 0.350 0.244 0.697
Detector: JET 0.986 0.755 0.766

Detector: FTAG (b-jet) 0.338 0.289 0.855
Detector: FTAG (c-jet) 0.334 0.425 1.272
Detector: FTAG (l-jet) 0.098 0.100 1.020

Detector: PU 0.062 0.134 2.161
Lumi 0.053 0.018 0.340
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Table B.2: Breakdown of the actual contributions to the total uncertainty on the WH, 250 <
pWT < 400 GeV signal strengths, with naddjets= 0 on the left and naddjets≥ 1 on the right. The
row below the column headings show the value of the signal strength, along with the total

uncertainty on that signal strength.

20 GeV 30 GeV Ratio

Signal Strength 1.28 1.5 1.17
Total 0.494 0.530 1.073

DataStat 0.422 0.424 1.005
FullSyst 0.257 0.318 1.237

Data stat only 0.353 0.374 1.059
MC stat 0.108 0.108 1.000

Top-emu CR stat 0.014 0.020 1.429
Floating normalisations 0.216 0.167 0.773

Modelling: VH 0.127 0.152 1.197
Modelling: Background 0.186 0.204 1.097

Multi Jet 0.015 0.066 4.400
Modelling: single top 0.029 0.023 0.793

Modelling: ttbar 0.061 0.053 0.869
Modelling: W+jets 0.150 0.187 1.247
Modelling: Z+jets 0.036 0.042 1.167

Modelling: Diboson 0.067 0.074 1.104

Experimental Syst 0.064 0.112 1.750
Detector: lepton 0.002 0.004 2.000
Detector: MET 0.016 0.058 3.625
Detector: JET 0.045 0.076 1.689

Detector: FTAG (b-jet) 0.019 0.031 1.632
Detector: FTAG (c-jet) 0.022 0.038 1.727
Detector: FTAG (l-jet) 0.003 0.015 5.000

Detector: PU 0.025 0.026 1.040
Lumi 0.019 0.011 0.579

20 GeV 30 GeV Ratio

Signal Strength 0.18 -0.19 -1.048
Total 2.144 1.477 0.689

DataStat 1.654 1.182 0.715
FullSyst 1.363 0.884 0.649

Data stat only 1.360 1.035 0.761
MC stat 0.515 0.364 0.707

Top-emu CR stat 0.116 0.044 0.379
Floating normalisations 0.985 0.568 0.577

Modelling: VH 0.305 0.195 0.639
Modelling: Background 1.151 0.666 0.579

Multi Jet 0.808 0.384 0.475
Modelling: single top 0.139 0.163 1.173

Modelling: ttbar 0.373 0.275 0.737
Modelling: W+jets 0.634 0.445 0.702
Modelling: Z+jets 0.126 0.135 1.071

Modelling: Diboson 0.203 0.102 0.502

Experimental Syst 0.441 0.359 0.814
Detector: lepton 0.013 0.007 0.538
Detector: MET 0.116 0.089 0.767
Detector: JET 0.360 0.288 0.800

Detector: FTAG (b-jet) 0.142 0.057 0.401
Detector: FTAG (c-jet) 0.129 0.141 1.093
Detector: FTAG (l-jet) 0.025 0.007 0.280

Detector: PU 0.138 0.113 0.819
Lumi 0.037 0.012 0.324
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Table B.3: Breakdown of the actual contributions to the total uncertainty on the ZH, 75 <
pZT < 150 GeV signal strengths, with naddjets= 0 on the left and naddjets≥ 1 on the right. The
row below the column headings show the value of the signal strength, along with the total

uncertainty on that signal strength.

20 GeV 30 GeV Ratio

Signal Strength 1.12 1.7 1.524
Total 0.965 0.990 1.026

DataStat 0.714 0.671 0.940
FullSyst 0.649 0.728 1.122

Data stat only 0.555 0.560 1.009
MC stat 0.303 0.275 0.908

Top-emu CR stat 0.254 0.243 0.957
Floating normalisations 0.418 0.424 1.014

Modelling: VH 0.126 0.202 1.603
Modelling: Background 0.439 0.487 1.109

Multi Jet 0.008 0.016 2.000
Modelling: single top 0.034 0.037 1.088

Modelling: ttbar 0.094 0.118 1.255
Modelling: W+jets 0.036 0.094 2.611
Modelling: Z+jets 0.303 0.370 1.221

Modelling: Diboson 0.097 0.094 0.969

Experimental Syst 0.354 0.506 1.429
Detector: lepton 0.008 0.148 18.500
Detector: MET 0.222 0.324 1.459
Detector: JET 0.236 0.321 1.360

Detector: FTAG (b-jet) 0.158 0.199 1.259
Detector: FTAG (c-jet) 0.041 0.018 0.439
Detector: FTAG (l-jet) 0.002 0.014 7.000

Detector: PU 0.012 0.000 0.000
Lumi 0.017 0.014 0.824

20 GeV 30 GeV Ratio

Signal Strength 0.7 -0.2 -0.285
Total 1.791 1.391 0.777

DataStat 1.431 1.146 0.801
FullSyst 1.076 0.787 0.731

Data stat only 1.026 0.901 0.878
MC stat 0.463 0.308 0.665

Top-emu CR stat 0.490 0.401 0.818
Floating normalisations 0.734 0.414 0.564

Modelling: VH 0.425 0.302 0.711
Modelling: Background 0.573 0.499 0.871

Multi Jet 0.018 0.059 3.278
Modelling: single top 0.083 0.036 0.434

Modelling: ttbar 0.141 0.196 1.390
Modelling: W+jets 0.061 0.068 1.115
Modelling: Z+jets 0.237 0.335 1.414

Modelling: Diboson 0.159 0.097 0.610

Experimental Syst 0.700 0.501 0.716
Detector: lepton 0.010 0.051 5.100
Detector: MET 0.454 0.371 0.817
Detector: JET 0.586 0.317 0.541

Detector: FTAG (b-jet) 0.247 0.188 0.761
Detector: FTAG (c-jet) 0.118 0.011 0.093
Detector: FTAG (l-jet) 0.011 0.036 3.273

Detector: PU 0.026 0.015 0.577
Lumi 0.031 0.011 0.355
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Table B.4: Breakdown of the actual contributions to the total uncertainty on the ZH, 150 <
pZT < 250 GeV signal strengths, with naddjets= 0 on the left and naddjets≥ 1 on the right. The
row below the column headings show the value of the signal strength, along with the total

uncertainty on that signal strength.

20 GeV 30 GeV Ratio

Signal Strength 1.33 1.5 1.134
Total 0.493 0.495 1.004

DataStat 0.376 0.360 0.957
FullSyst 0.318 0.338 1.063

Data stat only 0.315 0.320 1.016
MC stat 0.104 0.095 0.913

Top-emu CR stat 0.033 0.035 1.061
Floating normalisations 0.213 0.199 0.934

Modelling: VH 0.191 0.235 1.230
Modelling: Background 0.183 0.175 0.956

Multi Jet 0.007 0.024 3.429
Modelling: single top 0.017 0.015 0.882

Modelling: ttbar 0.080 0.120 1.500
Modelling: W+jets 0.024 0.032 1.333
Modelling: Z+jets 0.125 0.115 0.920

Modelling: Diboson 0.075 0.073 0.973

Experimental Syst 0.144 0.149 1.035
Detector: lepton 0.039 0.029 0.744
Detector: MET 0.062 0.048 0.774
Detector: JET 0.106 0.128 1.208

Detector: FTAG (b-jet) 0.045 0.021 0.467
Detector: FTAG (c-jet) 0.017 0.033 1.941
Detector: FTAG (l-jet) 0.002 0.009 4.500

Detector: PU 0.005 0.022 4.400
Lumi 0.020 0.011 0.550

20 GeV 30 GeV Ratio

Signal Strength 2.17 1.01 0.466
Total 1.118 0.863 0.772

DataStat 0.893 0.707 0.792
FullSyst 0.666 0.492 0.739

Data stat only 0.718 0.610 0.850
MC stat 0.193 0.151 0.782

Top-emu CR stat 0.119 0.109 0.916
Floating normalisations 0.512 0.357 0.697

Modelling: VH 0.499 0.258 0.517
Modelling: Background 0.258 0.227 0.880

Multi Jet 0.010 0.017 1.700
Modelling: single top 0.020 0.032 1.600

Modelling: ttbar 0.167 0.156 0.934
Modelling: W+jets 0.039 0.034 0.872
Modelling: Z+jets 0.150 0.151 1.007

Modelling: Diboson 0.048 0.053 1.104

Experimental Syst 0.264 0.248 0.939
Detector: lepton 0.057 0.056 0.982
Detector: MET 0.120 0.037 0.308
Detector: JET 0.208 0.223 1.072

Detector: FTAG (b-jet) 0.122 0.101 0.828
Detector: FTAG (c-jet) 0.030 0.018 0.600
Detector: FTAG (l-jet) 0.021 0.013 0.619

Detector: PU 0.006 0.024 4.000
Lumi 0.038 0.009 0.237



Appendix B. Rankings and breakdowns 213

Table B.5: Breakdown of the actual contributions to the total uncertainty on the ZH, 250 <
pZT < 400 GeV signal strengths, with naddjets= 0 on the left and naddjets≥ 1 on the right. The
row below the column headings show the value of the signal strength, along with the total

uncertainty on that signal strength.

20 GeV 30 GeV Ratio

Signal Strength 0.51 0.89 1.746
Total 0.485 0.499 1.029

DataStat 0.445 0.447 1.004
FullSyst 0.192 0.219 1.141

Data stat only 0.399 0.419 1.050
MC stat 0.106 0.103 0.972

Top-emu CR stat 0.018 0.019 1.056
Floating normalisations 0.183 0.139 0.760

Modelling: VH 0.088 0.132 1.500
Modelling: Background 0.136 0.143 1.051

Multi Jet 0.010 0.030 3.000
Modelling: single top 0.006 0.005 0.833

Modelling: ttbar 0.053 0.073 1.377
Modelling: W+jets 0.016 0.019 1.188
Modelling: Z+jets 0.060 0.071 1.183

Modelling: Diboson 0.043 0.047 1.093

Experimental Syst 0.067 0.068 1.015
Detector: lepton 0.004 0.013 3.250
Detector: MET 0.031 0.035 1.129
Detector: JET 0.054 0.044 0.815

Detector: FTAG (b-jet) 0.019 0.020 1.053
Detector: FTAG (c-jet) 0.003 0.009 3.000
Detector: FTAG (l-jet) 0.002 0.005 2.500

Detector: PU 0.006 0.026 4.333
Lumi 0.008 0.007 0.875

20 GeV 30 GeV Ratio

Signal Strength 1.69 0.45 0.267
Total 1.138 0.909 0.799

DataStat 1.014 0.827 0.816
FullSyst 0.510 0.377 0.739

Data stat only 0.908 0.771 0.849
MC stat 0.202 0.174 0.861

Top-emu CR stat 0.055 0.048 0.873
Floating normalisations 0.454 0.249 0.548

Modelling: VH 0.324 0.168 0.519
Modelling: Background 0.289 0.261 0.903

Multi Jet 0.033 0.040 1.212
Modelling: single top 0.023 0.027 1.174

Modelling: ttbar 0.106 0.073 0.689
Modelling: W+jets 0.033 0.062 1.879
Modelling: Z+jets 0.179 0.163 0.911

Modelling: Diboson 0.066 0.024 0.364

Experimental Syst 0.146 0.147 1.007
Detector: lepton 0.034 0.034 1.000
Detector: MET 0.045 0.067 1.489
Detector: JET 0.105 0.109 1.038

Detector: FTAG (b-jet) 0.066 0.040 0.606
Detector: FTAG (c-jet) 0.015 0.020 1.333
Detector: FTAG (l-jet) 0.006 0.020 3.333

Detector: PU 0.010 0.007 0.700
Lumi 0.029 0.007 0.241
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