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ABSTRACT

Since the discovery of Higgs boson in 2012, its properties are measured with increasing
details and the results are in good agreement with the prediction of Standard Model (SM) of
particle physics so far. However, the SM is believed not to be the ultimate theory due to its
deficiencies, such as difficulty in explaining Higgs mass hierarchy problem and missing can-
didate for dark matter. Numerous models have been raised to solve these issues and several of
them predicts additional Higgs bosons and a different behavior of SM Higgs, including Yukawa
coupling and Higgs self-coupling strength. Thus, the measurement of Higgs properties is cru-
cial to test the SM and search for new physics. This thesis presents two works concerning the
Higgs properties and new physics searches: The simultaneous measurements of Yukawa cou-
pling of charm and bottom quarks and the searches for physics beyond Standard Model (BSM)

by combining various measurements of different processes.

The Higgs couplings with third generation fermions and with vector bosons are well es-
tablished. However, it’s coupling with the second generation of quarks is still not discovered
yet. The search for Higgs decay to charm quarks is the next most promising decay mode to
probe given its relative sizable branching ratio. It is also a good portal to search for new physics
as any small deviation of Higgs-charm coupling will lead to a significant change of the Higgs
phenomenology. In the first part of the thesis, the search for H — ¢¢ decay in the vector boson
associated production mode is presented. It also simultaneously measures H — bb decay at

the same time due to their similar topology and common backgrounds. The analysis use the
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ABSTRACT

proton-proton collision dataset with an integrated luminosity of 140 fb~!at 13 TeV collected by
ATLAS during LHC Run-2. The searches for H — cc yields in an observed (expected) upper
limit of 11 (10) times the Standard Model prediction on the signal strength, which is the best
observed results up to now. The results are also used to put constraints on a charm Yukawa cou-
pling modifier |« .| < 4.2 at the 95% confidence level. The simultaneous measurements provide
constraint on the ratio of Higgs-charm coupling and Higgs-bottom coupling (x./x ;) to be less
than 3.5 at the 95% confidence level. The analysis method is validated with the measurement
of the VZ process where V is a W or Z boson. For the first time in ATLAS, the VZ(— c¢)
process is observed with a significance larger than 5 standard deviation. This study is crucial
for the understanding of the Yukawa coupling structure and the hierarchy problem of fermion
mass.

In the second part, the thesis presents several studies that utilize statistical combination
of measurements on different processes to search for the physics beyond SM. The first study
searches for new physics beyond Standard Model using the combined measurement of SM
Higgs production and decay. The results are interpreted with Two Higgs Doublet Models
(2HDM) and dedicated scenarios of the Minimal Supersymmetric Standard Model (MSSM), as
well as the Effective Field Theory (EFT) framework. The second study combines the search for
Higgs pair production via a new resonance, and the results are interpreted in 2HDM and MSSM
scenarios. In complementary to the Higgs measurement, the electroweak measurements pro-
vides unique sensitivity to specific BSM effects. The third study probes the Top EFT operators
using electroweak measurements. These operators are found to have sizable loop contribution
to electroweak process and thus can be constrained using the precision measurements made by
LEP and various low energy experiments like PVDIS. The study also makes the prediction of
the constraint on these operators with the CEPC and FCC-ee, which shows significant advan-
tage over the current ones. For all interpretations, no significant deviation from Standard Model
is observed. These studies reveal the interplay between the Higgs, electroweak and top sector,
help the understanding of the behavior of new physics at the electroweak energy scale and probe
the energy scale of new physics exists. They also provide useful hints for the construction and

operation of future colliders.
KEYWORDS: ATLAS Experiment; Higgs Boson; Yukawa coupling; charm quark; bottom
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quark; Combined Higgs measurement; BSM Search; Effective Field Theory
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Chapter 1

Introduction

The Standard Model of Particle Physics (SM) describes the elementary particles and their in-
teractions, unifying three out of four foundmental forces: electromagnetic, weak and strong
forces. It has been tested by numerous experiments and shows good agreements. In 2012, the
Higgs boson was discovered by ATLAS and CMS at LHC, which marks a milestone that further
confirm the validity of Standard Model. The Higgs boson plays a special role in the SM, that
is responsible for the generation of particle mass via the Brout-Englert-Higgs mechanism. Af-
ter its discovery, the properties of Higgs boson have been studied in increasing details and the
experiment results show good agreement with the SM prediction. However, some of its cou-
plings predicted by SM haven’t been observed so far, for example, the Higgs couplings to first
and second generation fermions and Higgs self couplings. Additionaly, a lot of BSM theories
predicts a different behaviors of the Higgs, and with current measurements these possibilities
can not be excluded. Thus, the measurement of Higgs boson properties is crucial to understand
the Standard Model and search for new physics, making it a focus of the LHC program. This
thesis present two works concerning the Higgs boson and searches for BSM physics. The first
work is the simultaneous measurements of Higgs Yukawa coupling strength to charm quarks
and to bottom quarks. The second work is the search for the BSM using three kinds of combined

measurements respectively.

The fermions acquire their mass through interaction with Higgs boson, described by Yukawa
mechanism. The Yukawa coupling is predicted to be proportional to the fermion mass in the SM.
It is not controlled by any symmetry principle, resulting in a large number of free parameters

that can only be measured by experiments, and with sizes varying from 107 (for electron) to 1

1



Chapter 1 Introduction

(for top quark). This is known as the fermion hierarchy problem which also lacks explanation
from SM. Thus, the measurement of Yukawa coupling strength is essential for the understanding
of flavor structure of fermions and any deviation from SM would be the sign of new physics.
The Yukawa coupling of Higgs to the third generation of quarks (top and bottom quark) and
charged lepton (tau lepton) have been confirmed and measured to be in agreement with SM
prediction. However, the coupling of Higgs to first and second generation of quarks has never
been discovered as their expected branching ratios are much smaller. Thus, it is of particular
interest to search for the Higgs coupling to first and second generation quarks for complete
understanding of the properties of Higgs. Among all the decay channels, Higgs decaying to
charm quarks (H — c¢c) is the most promising decay mode to investigate as it is the largest
undiscovered decay modes. It is also a perfect portal of the search for the physics beyond SM
as in many BSM models, the Higgs-charm coupling is predicted to be significantly altered
compared with its SM prediction®!. At LHC, the large multi-jet background from the proton-
proton collision makes the search of physics process with quark final states very challenging. As
aresult, the H — cc is searched in the vector boson associated production mode, with the vector
boson decay leptonically. The H — bb decay was also firstly discovered in this production
mode. By utilizing VH production mode, the multi-jet background can be greatly suppressed.
The identification of c-quark initiated jet is crucial for the search. Due to the similarity of jet
structure of c-jet and b-jet, a harmonized identification tool is developed for better separation
of two kinds of jets. Given the similar topology of VH (cc) and VH (bb) processes, there is
significant benefit on physics output and background control to study these two decay modes

simultaneously. This simultaneous measurement is presented in this thesis.

So far, there is no obvious deviation from the SM observed by experiments. However, de-
spite its success, the SM is still believed not to be the ultimate theory due to its limitations. For
instance, the Higgs hierarchy problem that raises question to the fine-tuning cancellation be-
tween quadratic radiative corrections and the bare mass of Higgs to obtain the current measured
mass of Higgs. There is also the existence of dark matter that is well-known from astrophysical
observation, but the SM has no candidate particle for it. In order to solve these issues, a lot of be-
yond Standard Model (BSM) theories have been proposed, and many of them extend the Higgs
sector of SM. For example, the Minimal Supersymmetric Model (MSSM) extends the Higgs



sector with an additional scalar. These BSM theories will result in the different phenomena
than SM, which could be probed with current experiments. The search for new physics can be
performed through two approaches: the direct search that targets the new particles or processes
which is not presented in the SM; The indirect search that targets the deviation on the SM pro-
cess brought by the new physics. These two approaches are complementary to each other and
provide competitive sensitivity in specific BSM theories. In this thesis, either two approaches
are presented, using three sets of combined measurements that include the current most precise
measurements of different processes, targeting different phase space of BSM theories: the in-
direct search using combined Higgs measurements, the direct search using combined resonant
Di-Higgs production and the indirect search using combined electroweak precision measure-

ments. They are briefly introduced in the following paragraphs.

The measurement of Higgs property in single channel could provide information of Higgs
couplings to the given particles. However, it hardly provides full picture of Higgs properties.
For example, through VH (- ¢¢) production measurement, it is possible to constrain the Higgs-
charm coupling. Yet, the process is also affected by the coupling of Higgs to vector bosons,
but due to the overlap of its impact with charm Yukawa coupling, it is difficult to entangle the
HVYV and Hcc couplings in this single measurement. Therefore, a combined analysis that uti-
lizes all the Higgs measurements will be beneficial. It allows the measurement of various Higgs
couplings at the same time without additional assumptions. Several Higgs production and de-
cay modes are considered for the latest ATLAS combined Higgs analysis, including: multiple
production mode for H - yy,H - ZZ,H - WW,H - up, H - vt and H - bb decay
channels; H — Zy decay in inclusive production mode. The combined analysis not only benefit
from the increase of statistic by adding up all the measurements, but also the coherent treatment
of uncertainties will further improve the precision on the measurements, which makes it easier
to search for the deviations brought by the physics beyond SM. The potential deviation is in-
terpreted in several frameworks: framework of multiplicative modifiers x which directly apply
to the SM coupling strength (x framework), effective field theory framework (EFT) and UV-
complete BSM theories. This thesis presents the interpretation results of the recent combined

Higgs measurements using EFT and BSM models.

In addition to the coupling of Higgs with other massive particles, the self-coupling of Higgs
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is also a crucial topic to study. In the Standard Model, the self-coupling is originated from the
potential of Higgs field after the simultaneous symmetry breaking. The size of self-coupling
will decide the shape of the Higgs potential, which has important cosmological implications,
involving the vacuum stability. Any deviation from SM would open a new window for new
physics. It can be probed through the pair production of Higgs (so-called DiHiggs production).
The DiHiggs production can be greatly enhanced through the production of a new resonance that
decays to a pair of SM Higgs, which is a commonplace signature for almost all BSM models that
extend the Higgs sector. Thus, a combined analysis that utilizes three most sensitive channels:
bbbb, bbt Tt and bby y, is performed to search for such resonance. The results are interpreted
in popular BSM models, including 2HDM, AMSSM and singlet model. The analysis are shown
in this thesis.

The electroweak measurements, which refers to the measurements of vector boson proper-
ties, is also a good portal to search for hint of new physics thanks to the high precision, and it is
natural to use the EFT framework to search for the hints as the process happens at low energy.
In many BSM models, the third generation quarks often play a special role that have interplay
with BSM particles, which can be captured by the EFT operators involving the third generation
quarks. As a result, it is important to probe them using the electroweak process. In this paper,
a study that probes the top quark EFT operators using electroweak precision measurements is
presented. These top quark EFT operators contribute to the electroweak process whose energy
is lower than #7 threshold via loop, making it difficult to constrain them at tree-level. However,
it is found that these loop contribution is comparable with that from tree-level operators, and it
is possible to constrain the top operators using electroweak data. Finally, the study makes the
prediction of the constraining power using future colliders that have significant advantage over

the current constraint.

Structure of the thesis

The thesis is structured as follows. Chapter 2 provides a brief overview of theoretical back-
ground about the Standard Model and Higgs phenomenology at LHC. Chapter 3 gives an in-
troduction on LHC and ATLAS experiment, together with basic physics object definitions used

in the physics analysis. The details of the simultaneous measurement of Higgs decay to charm



quarks and bottom quarks in VH production mode is shown in Chapter 4. Chapter 5 presents
the three analyses that search for new physics using combined measurements, including Sec-
tion 5.2 for combined Higgs measurements, Section 5.3 for combined measurements of Higgs
pair production and Section 5.4 for electroweak measurements. Finally, Chapter 6 gives a brief

summary and outlook.






Chapter 2

Theoretical Background

Up to now, our best understanding of the elementary particles is described by the Standard
Model (SM). This chapter gives an overview of the SM, especially focus on the Higgs sector.
Furthermore, several popular models that predict physics beyond standard model (BSM) are

introduced.

2.1 The Standard Model

The SM provides fundamental description of the elementary particles and the interaction be-
tween them, through electromagnetic, weak and strong interactions in a unified picturel®8]. Tt
has been tested in high precision in the past decades, resulting in a good agreement between the

experiment and the theory.

2.1.1 Particles and Interactions

Figure 2-1 shows the elementary particles in SM. They can be classified by the intrinsic angular
momentum, i.e. spin. Particles with half-integer spin follow the Fermi-Dirac statistics and
named as fermions. Particles with integer spin follow the Bose-Einstein statistics and named as
bosons. The fermions are further classified into two categories: quarks and leptons. The quarks
carry the colour charge, which is the quantum number for strong interaction. Up-type quarks
have the charge of %e and have three generations: up (u), charm (c¢) and top (t). Down-type
quarks carry charge of %e and also have three generations: down (d), strange (s) and bottom

(b). The leptons do not have colour charge and carry the integer charge of e or no charge. The

7
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three generations of matter

I
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Figure 2-1: Elementary particles in Standard Model. Data from Ref!®!,

charged leptons are electron (e), muon (x) and tau (7). Each of them has a neutral counterpart,

referred to the neutrinos and denoted as v,, v, and v ..

The elementary particles interact via the four fundamental forces: strong, weak, electroweak
and gravity forces. The gravity interaction between massive particles has a tiny strength in
the micro scope, and it has not been unified with other forces, thus is excluded in following

discussions. The rest fundamental interactions are constructed in the non-Abelian gauge group:

SUB)e xSUQ), x U(1), 2-1)

According to the Yang-Mills theory!'%, it gives rise to twelve vector fields. The excitation of
these fields are known as gauge bosons that propagate the interactions. The strong force is
propagated by eight gluons that carry two colour charges, weak interactions is propagated by
the W* and Z bosons and the electromagnetic interaction is carried by the photon (7). The
W= and Z bosons are initially massless but require their mass through electroweak symmetry

breaking (EWSB).



2.1 The Standard Model

The Higgs boson arises from the EWSB. It is the only scalar boson in SM, which carries no

spin. The details of EWSB and Higgs boson will be discussed later.

In the following sections, a brief review of the strong interaction and the electroweak inter-

actions will be presented, followed by an overview of the electroweak symmetry breaking.

2.1.2 Strong Interactions

The interactions between quarks and gluons is described by quantum chromodynamics (QCD).
Quarks carry a quantum number named colour charge and each quark flavor carries either a red
(r), a green (g) or a blue (b) charge. Anti-quarks carry the anti-colours and any bound state of
quarks is required to be colour neutral. As a result, it is impossible to find a stable state with
single quark, and therefore the quarks and gluons will go through the hardonization after their

production in LHC.

QCD is a non-Abelian gauge theory that is invariant under SU(3) ~ group transformation.

The QCD Lagrangian given by a Dirac- and a kinematic term is
_ . 1
Bocp = ) Waliy"Dy —myy, — 765,64 (2-2)
q

where g corresponds to the sum over the quarks and y , indicates the spinor triplet. The covari-
ant derivative D, is given by

a

A
D,=d,+ thTG# (2-3)
where GY, are the eight gluon vector field. The gluon tensor field G is given as
G4, = d,G4% - 0,G% — g f*%GYGS (2-4)

where f4°¢ are the SU(3) structure constants. g, is the coupling constant, which is more

2
commonly used as strong interaction a, = ij. It is dependent on the energy scale of the

interaction. At high energy, a, is small enough so that the perturbation calculation is valid,

known as asymptotic freedom.
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2.1.3 Electroweak Interaction

Electromagnetic interaction and weak interaction are described jointly within the Glashow-
Salam-Weinberg (GSW) modell®®111. This model is constructed with the symmetry group
SU((2); x U(1)y. The first part comes from the SU(2) invariance of weak charged current
interaction, which has the V — A structure that only couples to the left-handed fermions. The
second part incorporates the weak neutral current interaction and electromagnetic interaction,
with Y stands for weak hypercharge. Fermionic fields are split into left- and right-handed com-
ponents using the projection operators P; and Py by:
1—y> 1+ y°

w =Pry + Pry = 5 vt ” =y +yr (2-5)

The left-handed field can be termed as weak isospin doublet:

()G ) ), e

In the SM, there is no right-handed neutrinos or LH anti-neutrinos. The right-handed field can

be termed as weak isospin singlet:
4 4 l4 ’ ’ 4
eRa ﬂR9 TR9 MR’ cRa tRadRasRabR (2-7)

Note that the prime indicates that the spinor field is weak interaction eigenstate instead of mass

eigenstate. The Lagrangian of EW interaction can be written as

_ . _ . 1 1
BeW = iy "Dy + yriy"yr — Wi, Wa'™ = 7B, B"” (2-8)
with covariant derivation D 4 defined as
. o .Y
D,=0d,+ lgTaWﬁ +ig fBu (2-9)

The vector gauge field Wila = 1,2,3) originates from the SU(2) group, with W}l and Wﬁ

being charged and Wfl being neutral. B, comes from the U(1) group and is a neutral gauge

10
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field. In the GSW model, the physical field, electromagnetic photon A, and Z boson field Z ,

result from the rotation of B, and ij by a mixing angle 6y, (Weinberg angle):

cos 6 sin 6 B
(Au) _ 4 4 (Wg) (2-10)
H —sinfy, cos By H

The coupling strength of weak interaction g (or denoted as gy,) and electromagnetic interaction
e are related as:

e zgwsinﬁw (2-11)

However, the local gauge invariance can only be satisfied if all the bosons are massless.
Experimentally the W and Z bosons are observed to have mass. As a result, additional mech-
anism needs to be included in the electroweak sector of SM: the Brout-Englert-Higgs (BEH)

mechanism.

2.1.4 The Higgs Mechanism

The Brout-Englert-Higgs mechanism describes how the gauge bosons acquire mass through

7,12-14]

interaction with the Higgs fieldl . Considering a complex scalar doublet ¢ that can be

used to describe the weak isospin field

(P _ 1 (P1+ig )
’- (¢0) - ﬁ(m +i¢4) 12

with four degrees of freedom ¢, (i = 1,2, 3,4). The corresponding Lagrangian is
L =(D,$) (D) - V(g) (2-13)

The first term is the kinematic term of the field, D p is the covariant derivative defined as Equa-

tion 2-9. The second term is the Higgs potential.

Vip) = p>¢p ¢ + 1(¢p7¢)? (2-14)

11
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where p and A are scalar constants. The first term is the mass term and second term describe
the self-coupling of the field. If 2 > 0, the Higgs potential has its minimum at ¢ = 0, which
does not have the spontaneous symmetry breaking and the gauge bosons remain massless. As
a result, the parameters are chosen such that 42 < 0 and 1 > 0, which yields the Mexican-hat

potential as displayed in Figure 2-2. The minimum of the potential corresponds to the case of

Figure 2-2: Illustration of the Higgs potential as a function of the real and imaginary part of
complex singlet field.

2 2
pip=-L- =% (2-15)

2
— 2
The parameter v = \j % is known as the vacuum expectation value. All the minima are equiv-
alent and can be connected by an SU(2) transformation. Therefore, the vacuum expectation

state is chosen to be

(0p10) = %((v)) (2-16)

The expansion around this vacuum expectation state can be written As

L P +ids
¢ = E(v+i7]+i¢4) @-17)

The field ¢ is described by one real physical field 7 and three Goldstone fields ¢, 4. By

applying the unitary gauge, the Goldstone fields can be absorbed by vector field. In this case,

12
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Figure 2-3: Feynman diagram for the trilinear (left) and quartic (right) self-coupling of Higgs
boson.

the expansion can be simplified to:

1 0
¢ = E(v+h(x)) 2-18)

where h(x) is the Higgs field. Now it is possible to extend the Lagrangian as:

1 A
_1 1Y — 20,252 _ 3_72454
B =50, ("h) = Av?h* = 2vh* = Zh
252 252
e twg V8
T W W 8 cos? GWZ”ZM (2-19)
vg2 vg2 vg2 + vg2
+ H+—S—Z7,7"'H + =W, ,WHH?> + —=—7 7IH>
W, Wir 4 cos? Oy, 4 cos2 Oy,

The first term of the first line is the kinematic term of Higgs field and second term gives the

mass of Higgs:

my = V2Av? = =242 (2-20)
H u

The third and fourth term are the trilinear and quartic coupling of Higgs field, as illustrated in

Figure 2-3. The second line of Equation 2-19 gives the mass of W and Z boson:

vE vE

e XA Yoy (2-21)

They have the relation of my, = my - cos 8y,. The third line of Equation 2-19 describes the
coupling of Higgs boson with the gauge bosons, including WWH, ZZH, WWHH and ZZHH

couplings.
The Higgs mechanism also gives rise to fermion mass by the Yukawa terms. The Yukawa

13
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term describes the coupling of fermions with Higgs, which is invariant under SU(2); x U(1)y

transformation. It can be written as

Yy _ Yro_
Byukawa = E —==VY s - —=Wryrh (2-22)
e e n V2

where the coupling parameters y, are known as the Yukawa coupling, which can be parameter-

ized as

m
yr = 2L (2-23)

The coupling strength of fermion with Higgs boson is proportional to the mass of the fermions,
which is an important feature to be checked in the VH (- bb, c¢) analysis. The fermion field
used in Equation 2-22 is the mass eigenstate. As a result, a rotation matrix needs to be intro-
duced to translate the mass eigenstate basis to weak interaction eigenstate basis. The transfor-
mation matrix in quark sector is called the Cabbibo-Kabayashi-Maskawa (CKM) matrix!!>!, in

neutrino sector is called Pontecorvo-Maki-Nakagawa-Sakata matrix[16],

2.2 Higgs Phenomenology at LHC

One of the primary goal since the operation of LHC is the observation of Higgs boson. In
2012, ATLAS!7! and CMS!!8! reported the discovery of a particle at 125 GeV. Further studies

confirmed that the property of this particle is in line with the predicted Higgs boson of SM.

2.2.1 Production of Higgs at LHC

At LHC, there are four main Higgs production modes: gluon-gluon fusion (ggF), vector boson
fusion (VBF), associated production with a vector boson (VH) and associated production with
top quarks (t7H). The Feynman diagrams of these production modes are illustrated in Figure 2-
4. Their cross-section depends on the centre-of-mass of the proton-proton collision, as shown
in Figure 2-5. Some other production modes are also shown in the figure such as bbH and tH.

ggF is the most common Higgs production mode at LHC, with a cross-section of 04,7 =

48.6 + 2.4 pb at 13 TeVI!], The relative large production cross-section comes from the sig-

nificant portion of gluon in parton distribution function. The gluon does not couple to Higgs

14
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Figure 2-4: Four main production modes of Higgs at LHC.
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boson, so the Higgs boson is produced via quark loop, where top quark contributes most since
it is the heaviest quark. Though ggF is the most common production mode, it is extremely hard
to search for H — ¢¢ and measure H — bb due to the large multi-jet background.

VBF is the second most common Higgs production mode, with a cross-section of oy gr =
3.77 + 0.09 pb. Two quarks mediate two off-shell vector bosons and then produce a Higgs
boson. This production mode is easy to be identified in experiment as it is characterized by two
forward jets originated from the two scatter quarks.

VH production has a smaller cross-section of oy = 2.24 + 0.14 pb, yet it provides a
very clean signature in the detector when the vector bosons decay leptonically. The lepton
requirements can significantly reduce the multi-jet background. As a result, VH is the golden
production mode for the measurement of H — bb and H - ¢¢.

The ttH production mode have an even smaller cross-section of o, = 0.51 + 0.04 pb. It

offers a chance to measure the top quark Yukawa coupling at tree-level.

2.2.2 Decay of Higgs

The width of Higgs boson is estimated to be around 4 MeV, which implies a very short lifetime at
0(107225). It means that Higgs will decay immediately once it is produced, and the detector can
only capture the signals from its decay products. Relative decay rate of the particle is described
by branching ratio(BR), which represents the probability of the parent particle decaying to the
given final states. As the Yukawa coupling strength is proportional with the fermion mass, the
Higgs decaying to heavy particles are preferred, especially H — bb. Besides the Higgs decay
to quark pairs, it can also decay to vector boson pair with one boson off-shell and to neutral
boson pair (gluons, photons) via quark loop. It is defined as the ratio of partial width in the
total decay width. The dominant Higgs decay mode is H — bb, taking up to 58% of BR. The
second most common decay into quarks is H — c¢, with a BR of 2.9%. Other common decay
channels (corresponding BRs) include H - WW (22%), H — gg (8.2%), H —» tt (6.3%),
H - ZZ (2.6%), H - vy (0.23%) and H — Zy (0.15%)[191,

The discovery of Higgs boson in 2012 exploited the decay mode of H — yy, H - ZZ — 4l
and H - WW - [vlv. They do not have the largest BRs but have a clean background. After

the discovery, more decay channels and production modes have been measured and show good
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consistency with the SM expectation.

2.2.3 Di-Higgs Production

The Higgs can also be produced in pair (Di-Higgs production) via several processes. The lead-
ing production modes are gluon-gluon fusion (ggF) and vector boson fusion (VBF). The gluon-
gluon fusion accounts for about 90% of the Di-Higgs production. It proceeds through two
diagrams at tree level, as shown in Figure 2-6, the so-called triangle diagram and box diagram.
The triangle diagram is sensitive to Higgs trilinear self-coupling while the box diagram is sen-
sitive to the Higgs-top Yukawa coupling. The two diagrams interfere destructively, leading to a
small cross-section. For my = 125 GeV and Vs = 13 TeV proton-proton collision, the predicted

cross-section is20!

0 gor = 31.1710 (scale+m,,,) + 0.9(PDF+ay) fb (2-24)

9 H g 9900000000008 @ - -~~~ H
R\ ///
,,,,,, ./
H N
9 H 929200000000 ——4¢—0---------- H

Figure 2-6: Leading-order Feynman diagrams of gluon-gluon fusion Di-Higgs production in
standard model, left is called triangle diagram and right is called box diagram.

The Feynman diagrams of vector boson fusion production mode are shown in Figure 2-7,

which has an even smaller cross-section/2!]

oypr = 1.73 + 0.04 fb (2-25)

The cross-section of Di-Higgs production is about three orders of magnitude smaller than
the single Higgs production, makes the search very challenging. The latest results from AT-
LAS using the Run-2 dataset set the observed (expected) upper limit at 95% CL on Di-Higgs
production cross-section of 2.9 (2.4) times the SM prediction by combining the main decay

channels(?2],
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q

Figure 2-7: Leading-order Feynman diagrams of vector boson fusion Di-Higgs production in
standard model.

2.3 Beyond the Standard Model

The SM has been proved to be an incredibly successful theory, with its predictions to the behav-
iors of subatomic particles being verified experimentally in unprecedented precision. However,
the SM still has substantial shortcomings that suggest it is not the final theory of nature. For
example, the ’fine tuned” description of Higgs boson mass and omission of the description of

dark matter.

The Higgs mass is a free parameter in the SM, which means no prediction can be made and
can only be measured by experiment. The measured mass of Higgs is a combined result from
the bare mass of Higgs boson and sum of corrections from the interaction between Higgs and
other particles. The heavier particle will bring a larger correction to Higgs mass. For top quark,
the heaviest SM particle, it brings such a large correction to the Higgs mass that it requires the
bare mass of Higgs to be very large to cancel the corrections and results in a relative small
measured mass. This exquisitely precise cancelation between two very large numbers to yield a
single small number is known as “’fine tuning”. Fine tuning has historically been a sign that the
cancelation is not coincidental, but there is an additional unknown mechanism that naturally

requires the cancelation to occur.

Dark matter was established to explain the observation that rotational velocity of certain
galaxies requires more matter than is visible, and further described quantitatively through the
precision measurements of Cosmic Microwave Background radiation. These evidences indicate
that the dark matter is potentially a weakly interactive massive particle (WIMP), for which there

is no candidate in the SM.

Besides these two compelling shortcomings of SM, there are some other phenomena, such
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Figure 2-8: Regions of the [m,,tan ] plane excluded in the hMSSM via direct searches for
heavy Higgs bosons and fits to the measured rates of observed Higgs boson production and
decays. Limits are quoted at 95% CL and are indicated for the data (solid lines) and the ex-
pectation for the SM Higgs sector (dashed lines).

as the matter-antimatter asymmetry and neutrino oscillations, that can not be explained by the
SM. In addition, the SM has difficulty to harmonize with the general relativity. One or both
theories will break down under certain conditions. As a result, various theories have been
developed to explain the deficiencies of the SM, such as Two Higgs doublet Model (2HDM) and
supersymmetric standard model (SUSY). And these theories are the so-called BSM ultra-violet
complete model, which are renormalizable at UV limit. In practice, because the new physics
in these models are at high energy scale, the effective field theory (EFT) is often used as a low
energy approximation to simplify the calculation at the electroweak energy scale. These theory
frameworks are among the ones that is popular used in the ATLAS searching for BSM, due to
their rich phenomenology brought at LHC. As indicated in Figure 2-8 by using AMSSM model
as an example, which shows the exclusion region in AIMSSM phase spaces by different channels,
a lot of final states are targeted in ATLAS searching for BSM, and they provide competitive and
comparable sensitivity. A brief introduction of the theories that included in the thesis are given

below, and more details can be found in the corresponding chapters.

19



Chapter 2 Theoretical Background

2.3.1 Two Higgs doublet Model

2HDM is one of the simplest extensions of SM, built by adding one more scalar doublet to the
SM Higgs sector. It was firstly raised by T.D. Lee!?3! to provide extra source of CP-violation
to explain the matter-antimatter asymmetry. Let ¢; and &, denote the two complex doublet

scalar fields, the Higgs potential can be written as:

V' =m? @, +m3,®5 0, — [m3,®1®, + hc.]

1 1
+5h (®fd))2 + 5,12@;@2)2 + A3(®T@ ) (@] ®y) + 24(0]®,)(®L@,)  (2-26)

1
+ 5,15@{@2)2 + 6(®]®)) (0T ®,) + 27(2)®,) (@1 @,) + hoc.

The m%z and 15 ¢ 7 can be complex while other parameters have to be real to make the potential
hermitian. In many discussions of 2HDM, an additional Z, symmetry ($; — —®,) is usually
imposed to avoid the flavor changing neutral current happens at tree level, and results in the
absence of A4 and 1. The scalar field will have non-zero vacuum expectation values if the
mass matrix mg has at least one negative eigenvalue. By choosing the two vacuum expectation
values to be real, the 2HDM can be CP-conserving or explicitly CP-violating. Usually the CP-
conserving 2ZHDM is used for the interpretation of Higgs measurements in ATLAS. Thus, in
the following context, only the CP-conserving 2HDM will be discussed. Then the scalar field

vacuum expectations can be expressed in the form

1(0 1(0
b= —("), (@)= — 2-27
(@) ﬁ(vl) (@) ‘/E(Vz) (2-27)
2

with the relation of v2 = v T+ v% = (246 GeV)? due to the requirement of gauge bosons mass.

The doublets can be thus written as

B o7 o
bi = ((Vi TPt i'?i)/\/z)’ =2 (228)

Two most important parameters of 2HDM is tan g = :_f and «. p is the rotation angle that
diagonalizes the mass matrix of charged scalars and pseudoscalars, while « is the rotation angle
diagnoalizes the mass matrix of scalars. These two parameters decide the interactions of various

Higgs fields with the vector bosons and fermions. The couplings of the scalar with bosons and
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fermions are discussed in detail in Section 5.2.3.

Of the original eight scalar degrees of freedom, three Goldstone bosons are absorbed by the
W= and Z bosons. The remaining five degrees of freedom correspond to five Higgs particles:
two CP-even scalar h and H, two charged Higgs H* and one CP-odd scalar A. The pseudoscalar

A can be obtained from the linear combination of 7, and 7,

A=mn;sinf —n,cosf (2-29)

The CP-even scalars are a lighter & and heavier H, which are orthogonal combinations of p;
and p,

h=p;sina — pycosa (2-30)
H=-p;cosa— pysina (2-31)

and the standard model Higgs boson would be

HM = psin(a — ) — Hcos(a — ) (2-32)

In the decoupling limit, where the energy scale of new physics is much larger than the
electroweak energy scale, the role of SM Higgs is mostly played by the lighter scalar. The

phenomenology of 2HDM at decoupling limit is discussed in detail by Ref{24-23],

232 MSSM

Supersymmetry (SUSY) is an extension of standard model by introducing additional symmetry
between fermions and bosons. It proposes that for every known particle, there is a superpartner
particle with different spin property. The SUSY theory can be used for the explanation of
“fine tuning” problem of Higgs mass, by the exact cancelation of loop correction from SM
particles and their superpartners. In many SUSY models, there is a heavy stable particle (such
as neutralino) which could be the WIMP dark matter candidate. The SUSY can also provide

solution to matter-antimatter asymmetry and hierarchy problem!®!.

The Minimal Supersymmetric Standard Model (MSSM) is the minimal supersymmetrical
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model as it introduces minimal number of new particles for the realization of supersymmetry.
The Higgs sector of MSSM consists two Higgs complex doublets, which is same as 2HDM.
Similarly, there are five Higgs particles after the spontaneous symmetry breaking: &, H, A
and H*. The details of the MSSM benchmark scenarios and their phenomenology at LHC are

discussed in detail in Section 5.2.3

2.3.3 Effective Field Theory

The basic idea of effective theory is that the dynamics at low energy scale does not depend on
the details of the theory at high energy scale. It means that the low energy phenomena can
be described using effective Lagrangian that contains only a few degrees of freedom[?%]. For
example, in the Fermi theory of weak interaction, instead of having the W boson propagator, the
interactions are described with a four-fermion vertex, which also works well at energy scale well
below W mass. For many UV-complete models, including the 2HDM and MSSM mentioned
above, with no obvious direct evidence for new physics at current energy scale probed, they
usually predict that the new particles will present at high energy scale (usually above 1 TeV),
which is highly above the energy scale that LHC can reach. However, by using the effective
field theory, it is possible to probe the effect from high energy scale theories with the LHC data.

In the case that the new physics happens at high energy scale, it is enough to describe its
phenomenology at electroweak energy scale by using the fields from SM. The standard model
effective field theory (SMEFT) discussed below is built from the gauge invariant operators in-
volving the SM fermion, gauge and Higgs field, remaining the SU (3) xSU (2) x U (1) symmetry
as SM. However, the interactions are no longer renormalizable in EFT, which means that the op-
erators have canonical mass dimension larger than 4. The general form of the EFT Lagrangian

can be written as

Cl§5) (6) (7) (8)

C: Ci C:
Lsmerr = Bsm + Z A 0 + Z /l\z 0f° + Z 3 0\ + Z /’\4 o® +.. (233)

where OED ! is the operator of Dimension D and the corresponding parameter cf-D ) multiplying
the operator is the so-called Wilson coefficient. The leading term in this Lagrangian is the SM

Lagrangian with operators up to D = 4. All effects of new physics are encoded in operators
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with D > 4, which are suppressed by the mass scale A. When A — oo, the EFT falls back to
the SM. All operators with D = 5 violate the lepton number conservation and thus stringently
constrained by experiment. Operators with D = 7 violate the baryon number minus lepton
number (B — L) conservation which means they will be constrained to the level that makes them
unobservable at LHC. For the operators with D > 8, they are suppressed by the order of 1/(A)?,
in most case are negligible. As a result, the following discussion will focus on the operators
with D = 6.

It is demanded that the D = 6 operators need to form a complete, non-redundant set, named
as basis. Any D = 6 operator is either a part of the basis or can be obtained from a combination
of operators in the basis. Non-redundant means it is a minimal subset. Several bases are pro-
posed, and have their advantages in different cases. The most popular bases include Warsaw
basis, SILH basis and Higgs basis. The Warsaw basis!?’! builds the operators using the fields
before the spontaneous symmetry breaking, resulting in 2499 D = 6 operators. Warsaw basis is
one of the most popular bases, used most commonly for the interpretation of electroweak, top
and Higgs measurements.

The contributions from the operators in EFT to amplitudes of electroweak process are at the
order of (v/A)*. With the choice of A » v, the EFT typically describes the small deviations
from the standard model. By combining different measurements, the EFT operators can be

probed more precisely and widely.

Connection between EFT and BSM UV models

The BSM UV models provide the detailed description of the new physics at both high energy
scale and low energy scale, but with the cost of too many free parameters and heavy theoretical
calculation. While the EFT provides the approach to simplify the calculation without losing the
precision of the impact. As aresult, EFT is often used as the framework for the indirect search of
BSM that happens at relatively low energy. And the Constraints on EFT parameters can be re-
interpreted as constraints in many BSM theories, through the procedure named Matching. With
this approach, the interpretation of experimental measurements as constraints on theoretical
framework has to be done only once in the EFT framework, rather than for each BSM model

separately. However, since EFT will lose its validity at high energy scale, for example, when
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probing the heavy Higgs decay to a pair of SM higgs, it cannot be used for direct search. In
summary, these two kinds of theoretical framework which describes BSM phenomenology are
complementary with each other, and have advantages in different energy scale, both of them are

used in the BSM studies of this thesis.
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The ATLAS Experiment

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is the world’s largest particle accelerator and col-
lider!?®! installed in the 26.7 km tunnel that was constructed for the LEP machine. The tunnel
lies between 45 m and 170 m below the surface. The LHC is designed to collide proton beams
with a centre-of-mass energy of 14 TeVand the peak luminosity of 1034 cm=2s~!. It can also
collide heavy ions (Pb).

Before the proton is injected into the main ring, they need to pass through several pre-
accelerators, as shown in Figure 3-1. The protons are obtained from hydrogen gas that is ionized
using electric field. They are then accelerated by a linear accelerator Linac to the energy of 50
MeV. The beam is then injected to the Proton Synchrotron Booster (PSB) which consists of
four stacked synchrotron rings and accelerated to 1.4 GeV. The PSB also shapes the beam into
bunches, each bunch contains about 10® protons. They are injected into the Proton Synchrotron
(PS) that increase the energy to 25 GeV and followed by Super Proton Synchrotron (SPS) that
increase the energy to 450 GeV. Finally, the proton bunch are injected into the LHC, where
they circulate in two beam pipes in opposite directions. In the main ring, they are accelerated
by radio-frequency cavities, kept on the circular path using super conducting dipole magnet
which can produce a magnetic field of 8.33 T, shaped and focused using higher-order magnets.
Finally, the proton bunches are accelerated to reach the energy of 6.5 TeV(in Run-2, 7 TeVin
Run-3), spaced by 25 ns in time, corresponding to a crossing frequency at 40 MHz. The bunches
are brought to collision at four interaction points, where locates four main LHC experiments:

ATLASP1, cMSBY, ALICEB!Y and LHCb[?],
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Figure 3-1: Illustration of LHC accelerator complex![33!.

ATLAS and CMS are two general purpose detectors, that are designed to explore SM, Higgs
boson, supersymmetry and various exotic physics. The details of ATLAS detector will be de-
scribed in the following section. The ALICE detector is built to study heavy-ion collision. The
heavy-ion collision results in events with rich decay products including heavy flavor quarks
which is sensitive to probe the quark-gluon plasma. The LHCb detector focuses on the heavy
flavor physics (especially B-physics) with an asymmetric design of the detector as the B-meson
are produced in the forward direction.

In the first period of LHC operation, known as Run-1, from 2011 to 2012, the protons are
collided at centre-of-mass energy of 7 and 8 TeV, delivering an integrated luminosity of 28.3
fb~!dataset with ATLAS detector. The Higgs is discovered using these data. The Run-2 period
lasts from 2015 to 2018. The centre-of-mass energy was increased to 13 TeV, delivering in
total of 156 fb~lintegrated luminosity and 140fb~!of them is recorded by ATLAS and used for
physics analysis*¥. The total average number of interactions per bunch crossing { ) (or called

pile-up) is 34. The pile-up is defined as

_ Lbunchainel (3_1)

= bt tnel
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Figure 3-2: Luminosity-weighted distribution of the mean number of interactions per crossing
for the Run-2 data recorded by ATLAS[3],

where Ly, ., is the instantaneous luminosity per bunch crossing, ¢;,,.; is the cross-section of
inelastic scattering, N, is the number of bunches and f is the collision frequency. Figure 3-
2 shows the distribution of mean pile-ups for the Run-2 datal*!. During the Run-2, ATLAS
recorded in total of 18 billion complete events.

At the moment, the LHC is in the third running period (Run-3), starting at 2022 and is
expected to last about 4 years. The centre-of-mass energy for proton-proton collision has in-
creased to 13.6 TeV. The pile-up also increases to around 50 to produce more events at one
collision. It is expected to get twice the size of Run-2 dataset ( 300 fb~1) till the end of the
Run-3.

After the Run-3, LHC will have a long shutdown for the upgrade to High-Luminosity LHC
(HL-LHC)3!, 1t is designed to have a collision rate five times greater than the LHC’s original
design, reaching up to (p) = 140. It is expected to deliver an integrated luminosity of 3000

fb~1dataset.

3.2 The ATLAS Experiments

The ATLAS (A Toroidal LHC ApparatuS) detector(?®! is a general purpose detector that locates
at one of the interaction points of LHC. The ATLAS detector is the largest detector at LHC,
with a total length of 44 m, a height of 25 m and a weight of 7000 tons. It consists of cylindrical
detector layers and endcaps, as shown in Figure 3-3. From inside to outside, there are inner

detector, electroweak calorimeter, hadronic calorimeter and the muon spectrometers (or named
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Figure 3-3: Schematic of ATLAS detector.

as muon chambers). Magnet system is also a crucial part for the detector that providing magnetic
field for the measurement and identification of the particle. ATLAS has two magnetic system:
solenoid system and toroid system. The solenoid system provides the ineer detector with a
2 T magnetic field while the toroid system provides 0.5 and 1 T magnetic field for the muon
spectrometer in central and end-cap regions respectively.

The right-handed coordinate system is used for ATLAS detector, the z-axis is defined to
be the direction of the beam. The x-axis points towards the center of LHC ring and the y-axis
points upwards from the interaction point. The azimuthal angle ¢ and polar angle 6 are defined
in this coordinate system. The pseudo-rapidity n = — ln(tan(%)) is used as an approximation

of the rapidity! for the ultra-relativistic particles.

3.2.1 Inner Detector

The Inner Detector (ID)37] locates at the most central part of the ATLAS detector. It is used
for the tracking of charged particles from the interaction region and measure their momentum.

When the charged particles travel through the discrete layers of inner detectors, it will interact

1 The rapidity y is defined as y = % 1n(§f—1';§) with p, the longitudinal momentum
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Figure 3-4: Sketch of the ATLAS inner detector38.

with the material and leave ionization signals (hits). The hits are collected and linked with the
close-by hits as well as the vertex to reconstruct the track of the particles. The curvature of
the tracks is used for the measurement of momentum. The ID covers a region of || < 2.5
and a radius between 3 cm and 1 m. The ID consists of three sub-system from inner to outer:
the Pixel Detector, the SemiConductor Tracker (SCT) and Transition Radiation Tracker (TRT),
as illustrated in Figure 3-4 The Pixel Detector consists of three barrel layers and three endcap
layers. During the second long shutdown of LHC (LS1), an additional pixel detector layer
named the Insertable B-Layer (IBL) was installed!>*! which significantly improves the tracking
robustness and precision as well as flavor tagging performance. The current pixel detector

provides a hit position resolution of 10 gm in the r-¢ plane and 67 pm in the z-direction.

The SCT consists of silicon microstrip modules that are arranged into four barrel layers and
two endcap layers with nine disks each!*®. Two stripes are combined into a module with a
stereo angle of 40 mrad to provide hit reconstruction in two dimenstions. The SCT provides a

position resolution of 17 gm in the r-¢ plane and 580 um in the z-direction.

The TRT is a straw-tube tracker that consists of 300 thousands cylindrical drift tubes (straws)

with a diameter of 4 mm. When the charged particles travel through the straw, it will ionize
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the gas inside the straw and produce a detectable signal. Since the straws are aligned with the
Z axis, it cannot provide information at z direction. The TRT provides a position resolution of
130 pm in the r-¢ plane. The TRT can contribute to not only the momentum measurement but
also the particle identification. The space between the straws is filled with polyethylene. When
the particle travel the straw boundary, it can emit radiation that is dependent on the Lorentz
boost ¥ ~ E/m. The amount of the radiation can be used for particle identification.

Combining all the three components of ID, the momentum resolution can reach

o
% = 0.05%p[GeV] & 1% (3-2)
T

The @ denotes a sum in quadrature.

3.2.2 Calorimeters

The calorimeters are used for measuring the energy of neutral and charged particles*!1. All the
calorimeters in ATLAS are sampling calorimeter, which consists multiple layers of active and
passive material. The passive material is dense material with a high atomic number, which will
interact with particles and produce cascaded particles (showers). The active material measure
the energy deposition by the showers through ionization or scintillation light. In ATLAS, Liquid
Argon (LAr) is mainly used as active materiall#?!.

Figure 3-5 shows the layout of ATLAS calorimeters. It covers a range of || < 4.9 and is
hermetic in ¢. The electromagnetic calorimeter (ECal) is used to measure the energy deposition
by electrons, photons and part of energy carried by jets!*3]. It uses lead as passive material. The
radiation length (X,))! of ECal is 14.2 cm and ATLAS ECal have a depth of 22X,,. The structure
of ECal is shown in Figure 3-6. It is designed in accordion shape, which can be segmented into
a presampler layer and three ECal layers. The Presampler layer is used for the collection of
energy loss ahead of ECal. The first layer of ECal (EM1) is in very fine granularity which can
be used to discriminate neutral pion (79 — ¥ ¥) and photons. The second layer of ECal (EM2)
is used to collect the majority of the energy deposit and third layer (ECal3) is used to collect

tail energy.

1 X, is defined as the average distance over which the energy of electron reduced to 1/e of its original value
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The ECal covers the barrel and end-cap in region of 0 < |p| < 1.475 and 1.375 < || < 3.2
respectively. The region |5| < 2.5 is used for precision physics with better resolution. The

transition between barrel and end-cap (1.37 < |p| < 1.52) is called crack region. The resolution

of ECal is
UE _ 10070

EE

@ 0.7% (3-3)

The hadronic calorimeter is used to measure the energy of hadronic showers. The hadronic
end-cap and forward calorimeter use LAr as active material, and copper plates are used as
passive material in the end-cap!**l. The forward calorimeter use copper and tungsten as passive
materiall*!. The tile calorimeter in the barrel uses steel as absorbing material and scintillating
plastic tiles as active materiall*®].

The depth of hadonic calorimeter is around ten times the nuclear interaction length A . The
tile calorimeter has two parts, cover |p| < 1.0 and 0.8 < || < 1.7. The end-cap calorimeter
covers 1.5 < |5| < 3.2 and the forward calorimeter covers forward region to || < 4.9. The
energy resolution of hadronic calorimeter is larger than ECal due to the complexity of hadron
showers, with

ofp . 50%

E-

® 3% (3-4)

3.2.3 Muon Spectrometer

The muon spectrometer (MS) lies in the outermost region of ATLAS detector since the muon is
the minimum ionizing particle that hardly interact with the materials of the ID and calorimeter.
The toroid magnets bend the trajectories of muon and precisely measure the momentum. The
energy resolution of muon spectrometer is 3% for low pt muons (2 < pp < 250 GeV) and 10%
for high pt muons.

Figure 3-7 shows the layout of muon spectrometer, it is consists of two kinds of detectors
to perform tracking and trigger function separately. The precision tracking is provided by the
Monitored Drift Tube (MDT)[8] in the barrel region that covers || < 2.7 and the Cathode
Strip Chambers (CSC)[*°! in end-cap region that covers region 2.0 < || < 2.7. The muon

trigger system is supported by Resistive Plate Chambers (RPCs)% at barrel region and Thin

1 2 is defined as the average distance traveled by a particle before interacting with a nucleus

32



3.2 The ATLAS Experiments

Thin-gap chambers (TGC)

b

) [ ] Cathode strip chambers (CSC)

Barrel toroid

¥ Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3-7: Sketch of the ATLAS Muon Spectrometer!*].

Gap Chambers (TGC)P! at end-cap region.

3.2.4 Trigger and Data Acquisition

In the Run-2 of LHC, the proton collision occurred around 40 MHz. Due to the limitation of
computing resources, it is impossible to record all the events, only a subset of them can be stored.
As a result, ATLAS uses the trigger system!32! to quickly reject events without hard scattering
interactions and only keep events that have the physics process of our interest. It consists of a
hardware based Level-1 (L1) trigger and a software based high-level trigger (HLT).

The L1 trigger has two types: calorimeter trigger and muon trigger. The calorimeter trig-
ger uses the information from calorimeter that is processed by Cluster Processor which selects
electron, photon and tau lepton candidates, and the Jet/Energy-sum Processor that selects the
jet candidates and calculate the sum of transverse energy. The muon triggers uses information
from muon trigger chamber. Finally, the decision of whether to keep the event is made by the
Central Trigger Processor that combines the input from L1 calorimeter and L1 muon, as well

as L1 topological process (L1Topo) and inputs from other systems, in just 2.5 ms. With L1
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trigger, data rate is reduced to 100 kHz.

The HLT trigger then makes the decision using the complete detector information from all
detector systems. In the HLT, it is possible to identify more complex signatures such as E%liss
and have the preliminary tagging information. This stage is very similar to the offline physics
analysis. The decision from HLT can be made in 200 ms and the data rate is reduced to 1 kHz.
The events after HLT will be stored for offline analysis.

A trigger menu is used to define selection criteria for L1 and HLT. Different triggers are used
depending on the purpose, e.g. for physics analysis, performance measurements or detector

calibration.

3.2.5 Upgrade of ATLAS

As mentioned in Section 3.1, the HL-LHC will greatly improve the integrated luminosity by
up to 10 times. It will have a larger pile-up, making it more difficult to distinguish the hard
scatter events from the inelastic scattering. In addition, the larger luminosity will bring a larger
radiation pressure on the detector. In order to cope with these developments, the ATLAS will
have a major upgrade during the shutdown after the Run-3 of LHC. The inner tracker (ITk)
will be upgraded to have increased 7 acceptance and better pile-up rejections. It will have
less material to reduce the energy loss in the ID, and the pixels will be finer to have better
resolution. The EM and hadronic calorimeters, as well as the muon detectors will upgrade the
electronics. The DAQ system will have upgrades to reach 1 MHz trigger output at level 0. The
new luminosity detector will be able to measure the luminosity at 1% precision. The muon
chambers will be updated to improve trigger efficiency and momentum resolution, as well as
reduce fake rate. And finally, a new detector will be installed to handle the large increase of
pile-up: the High Granularity Timing Detector (HGTD)!>3. HGTD can provide precise timing
measurement of the track, with a resolution of 30 ps, to help disentangle the tracks from hard
scatter events in large pile-up backgrounds.

The HGTD will be installed at the gap between the barrel and the end-cap of the calorimeter,
which lies outside the ITk and in front of the calorimeters, as shown in Figure 3-8. It covers
the region of 2.4 < |n| < 4.0 and has in total of four layers of silicon detector modules. In the

design, a bare module is made of two parts: an low gain avalanche detector (LGAD) sensor and
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two ASICs. The sensor and the ASICs are connected through a flip-chip bump bonding process
called hybridization. The ASICs are then connected to the peripheral electronics through the
module flex cable. The size of the bare modules is around 2 x 4 cm? with 450 pads, and the
nominal numbers of bare modules is 7984, all of them are identical. The size of the pad is
1.3 x 1.3 mm? and each of the ASIC reads a matrix of 225 pads. The size of the ASIC is about
19 x 22 mm?. As a result, the detector has in total of around 3.6 million modules and have very

high granularity of 1.3 x 1.3 mm?.

Figure 3-8: Position of the HGTD in ATLAS detector.

One of the key topic in the HGTD sensor is the calibration of the time of arrival (TOA) of the
signal, which is crucial to the performance of the timing resolution. A study about the impact

of the high voltage connection of the sensor on the calibration is shown in the Appendix 6.

3.3 Object Reconstruction

The collision at the center of ATLAS detector will produce outgoing particles. These final
state particles can be probed when they interact with the detectors. Different particles will
leave different signatures in the different layers of detectors. Figure 3-9 shows an illustration of
the common signatures left by various particles.

The signatures in detectors are first collected and reconstructed to the so-called detector-

level objects, such as tracks, vertices and calorimeter clusters. They are then combined to build
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Figure 3-9: Diagrams of particle paths in the detector, credit owned by CERNP#I,

the high-level objects, which can be matched to the particles, for example, electrons, muons,

jets and ErTniSS.

3.3.1 Detector-level Objects

This section introduces the objects that are reconstructed directly from the signatures of the

detector, including tracks, vertices and calorimeter clusters.

Tracks

The curved trajectories of charged particles in the magnet field of ATLAS detector can be re-
constructed by the energy deposit left in the inner detector. The reconstruction process>>! starts
with clustering the raw measurements (hits) from the pixel and SCT. After cluster creation, an
inside-out algorithm, which starts from the pixel layer and build the tracks outwards, is em-
ployed for the reconstruction of prompt tracks (the tracks from hard-scatter or decay of very
short-life particles). The seed of the algorithm is the hits in pixel or SCT, and then extrapolated

361, An ambiguity solver is applied in

to the end of SCT layer using a combined Kalman filte
the case of multiple track candidates are considered by comparing the track qualities based on a

2 fit. The track candidate with highest score is selected and extend to the TRT layer and con-
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duct a re-fit. A complementary outside-in algorithm which starts from TRT hits is also applied
for the reconstruction of non-prompt tracks which originate from decay of relative long-life
particles (such as b-hadron or c-hadron).

All the tracks reconstructed has to pass the quality criteria®”], such as the requirement for
the number of hits in silicon detectors and the association to the primary vertex. Additional

kinematic requirement of || < 2.5 and pt > 500MeV is also applied.

Vertices

The vertices indicate the place where the interactions happen, which can be reconstructed by
the intersections of the tracks. The primary vertex is of great importance as it shows the place
where the pp collision happens, and is reconstructed using an iterative vertex finding and fitting
procedurel®®>91. Firstly, initial vertex locations (seeds) are estimated with high accuracy using
a Gaussian resolution model for the track impact parameter. After the seed is found, the nearby
tracks are chosen to repeat the fit process and get the new vertex. The iteration repeats until
the reconstructed vertex passes the quality requirements. The tracks that are not used in the
iterations are used again for the search of additional vertex. The primary vertex is selected to
be the vertex that have the highest sum of squared track transverse momentum () p%). Figure 3-
10 shows the two parameters of tracks, transverse impact parameter d, and longitudinal impact

parameter 7, that are used most frequently for the vertex reconstruction.

Calorimeter Clusters

The particles usually deposit their energies in calorimeter cells. Using clustering algorithm, the
energy deposit in the calorimeter cells that come from the same particle can be grouped and
form the topological clusters (topo-clusters)[®0]. These topo-clusters are the important inputs
for the construction of many high-level objects such as electron and jets. Two types of clustering
algorithm are used in the ATLAS. The ”sliding-window” algorithm that is based on summing
cells within a fixed-size rectangular window, which can be efficient for very precise calibration.
As aresult, this algorithm is used for the reconstruction of electromagnetic showers and leptonic

7. Another algorithm is topological algorithm. It starts with a seed cell and iteratively adds to
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track

Figure 3-10: Illustration of the track parameters: transverse impact parameter d, and longitu-
dinal impact parameter z,.

the cluster the neighbor cell if the signal is significant compared the noise. This algorithm is
efficient for suppressing the noise and thus used for reconstruction of jets and E%‘iss. After the
clustering, these energies are calibrated to account for the energy deposit outside the detector

and in dead materials.

3.3.2 Electrons

The electrons in the central region (|| < 2.5) are reconstructed by combining the tracks from ID
and energy deposit in the electromagnetic calorimeter(®!-621. The forward region is not covered
by ID, so the electron in forward region is not usually used in physics analysis. In the following
thesis, only the electron in central region is discussed. Figure 3-11 shows how the electron
travel in the detector and leave the signatures.

The reconstruction of the electron starts with topo-cluster after calibration. The tracks that
compatible with the expected energy loss of electrons in the detector are then matched to the
topo-cluster. The selected tracks are refit using the Gaussian Sum Filter[®3] to take into account
electron energy loss via bremsstrahlung. When multiple tracks are matched to one topo-cluster,

the track closest to the cluster is chosen. An electron candidate is now identified with a combi-
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Figure 3-11: A schematic illustration of the path of an electron through the detector. The red
trajectory shows the hypothetical path of an electron, and the dashed red trajectory indicates
the path of a photon produced by the electron. Figure taken from Refl62.

nation of one track and one topo-cluster, and needed to pass the additional quality requirements.

After the reconstruction, additional requirements are placed to identify the electrons from
hard scatter (prompt electrons), against the backgrounds. The background contains the jet with
high EM fraction, electrons from photon conversion and leptonic decay product of hadrons. A
likelihood-based discriminant that combines multiple variables is used for the identification!6?.
Several working points are defined with an increasing selective power: Very Loose, Loose,

Medium and Tight.

In addition to the identification, isolation criteria are also used for further rejection of back-
ground, which requires the electron candidate to be isolated from other tracks or energy de-
posits. Several working points are defined with different allowed threshold of energy deposit

or pt in ID in the cone of electron candidate.

The electron energy calibration is determined by using dedicated energy scale and resolu-
tion measurements of standard-candle processes, especially the invariant mass m,, of Z — ee
process. The total electron efficiency, after reconstruction, identification and isolation is cali-

brated using the Z — ee and J /¥ — ee process.
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3.3.3 Photons

Photons will also leave energy deposit in the electromagnetic calorimeter that is similar to elec-
trons!®!). As a result the reconstruction of photons is quite similar to the electrons. Two cases
of photons can be distinguished: converted photons that decay to a pair of electrons, which will
leave two opposite charged tracks in the ID. Un-converted photons that do not leave track in the

ID.

3.3.4 Muons

The muon produced in pp collision is typically the minimum ionising particles. They will leave
tracks in ID, travel through the calorimeter leaving a small amount of energy finally create hits
in the MS. The reconstruction of MS tracks are built from the combination of hits in different
MS stations and a y? fit following. Several methods are used for the reconstruction of muon

depending on the detector signatures used!64-631:

* Combined muon uses the track from ID and MS jointly. If the track in ID matches the
one in MS, two tracks are combined and refit to one single track. Combined muons are
the purest and the most commonly used type of reconstructed muons.

* Inside-out muon that do not depend on the tracks in MS. It only uses the track in ID and
some loosely aligned MS hits. This method increase the reconstruction efficiency for low
prt muon and in regions that poorly covered by MS.

* Muon-spectrometer extrapolated muons are reconstructed from MS tracks that cannot be
matched to an ID track. This method increase the efficiency in the regions that outside of
ID coverage 2.5 < || < 2.7.

» Segment-tagged muons have an ID track associated to at lease one track in MS. The
properties of ID tracks are used as the muon properties. This kind of muons usually have
low pr.

* Calorimeter-tagged muons are reconstructed by combining ID tracks with the energy de-
positin calorimeter. The energy deposit needs to match the expectations from a minimum
ionising particle. If such energy deposits are found, the properties of the ID track are used

to define the muon. This method is used when the MS information is missing due to the
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gap in MS or has poor performance.

Similar to the electron, the identification of muon also aims to select the prompt muon
against the backgrounds. The main backgrounds are the muons from decays of pion, kaon or
heavy flavor hadrons. The typical characteristic of background muons from pion and kaon
is a kink in the track where the decay happens. For the muon from decays of heavy flavor
hadrons, their tracks are usually less compatible with the primary vertex. Using these features,
a discriminant is built and five WPs are defined: Low-pt, Loose, Medium, Tight and High-pt.

Isolation criteria are also used for further rejection of the background. The definition is
quite similar as the electron and several WPs are defined.

Two process, Z - pp and J /¥ — pp, are used for the calibration of muon energy and the

efficiencies of reconstruction, identification and isolation.

3.3.5 Jets

The quarks and gluons are among the most frequently produced final states in pp collision. After
production, they will quickly hardonise to color-neutral hadrons, like pions. These hadrons will
continue the fragmentation and hadronisation, producing a bunch of particles and leave large
energy deposit in the hadron calorimeter. If the quarks or gluons are Lorentz boosted enough,
their decay products will be in a cone, which is named as jets. The jets reconstruction is very
challenging due to its complexity. Ideally, the reconstruction of jets give the information about

jet momentum, direction and the underlying partons that initiated the jet!6%].

Jet algorithm

In the ATLAS experiment, the anti-k; algorithm is used for the reconstruction of jetsl%7]. This
algorithm satisfied the so-called infrared and collinear safe, which means the jet definition re-
main the same when the event is modified with collinear splitting or soft emission. Two kinds
of inputs are most commonly used as the input for the jets reconstruction and calibration: the
topo-cluster!®®! calibrated at EM scale (EMTopo) and the particle flow (PFlow)®],

The PFlow method combines the information from track in ID and topo-cluster. It can
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anti-k,, R=1 |

Figure 3-12: Illustration of the anti-ks algorithm in the y — ¢ plane, with the radius parameter
R=1.

subtract the energy deposit from different particles in the same topo-cluster based on the infor-

mation of tracks. This method provides a more precise energy reconstruction.

The inputs to the anti-k algorithm provide the 4-vector of objects (topo-clusters or tracks).

For each pair of objects i and j, the relative distance d;; between them are defined as:

2 2
1 l y Ayzj + A¢ij

= min ,
2 2
P R

d
2
P

. (3-5)
where Ay;; is the rapidity difference, ¢,; is the azimuthal angle difference. The radius R is a
free parameter of the algorithm. A larger R indicates a larger radius of the jet cone. The object

J will be combined into object i if

p—

dij < diB’ with diB =5 (3-6)
Pr.i
And the distance between new object and other objects will be recalculated. If d;; > d; for all

the objects pair, the object i will be identified as a jet.

Figure 3-12 shows an illustration of anti-k algorithm with radius parameter R = 1. This
algorithm will result in a round jet in the y — ¢ plane. The R can be adjusted according to the
physics purpose. The most commonly used values are R = 0.4 and R = 1. R = 0.4 (small-R) is

used for the reconstruction of jets originate from quarks and gluon. R = 1 (large-R) is used for
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the jets originate from the hadronic decay of massive particles like Higgs boson.

Despite the jets with fixed R parameter, there is another Variable-R (VR) jets which are
constructed using the anti-kr algorithm with the radius parameter R dependent on the jet pr,
defining as follows:

R(py) = p% (3-7)

The inputs used for the algorithm is the tracks in the ID. The parameter p is a free parameter
and can be chosen based on the physics purpose. In the boosted VH (— bb) analysis mentioned
later in this thesis, the p is chosen to be 30 GeV and the R(p) is bound to be in the range of

[0.02,0.4]. These parameters are optimized for the double b-tag efficiency for the VR jets!70].

Calibration

The calibration of jet energy scale (JES) corrects for the detector effect such as difference be-
tween electromagnetic and hadronic calorimeters response, dead material and missing energy
outside the calorimeters. It also corrects the reconstruction effect such as energy deposit out-
side the jet cone and pile-up contamination!’!l. Figure 3-13 shows different stages of jet energy

scale calibration!”?! for small-R jets. The whole flow of these corrections is named as Standard

Calibration (GSC).
Reconstructed pr-density-based Absolute MC-based
jets pile-up correction calibration
Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- andjor event pile-up p; density dependence, as a to the gart:cle-level energy
calorimeter-based inputs. and jet area. function of u and Np,. scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ
calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects s applied only to data
using calorimeter, track, and to correct for data/MC
muon-segment variables. differences.

Figure 3-13: Stages of jet energy scale calibrations for small-R jets. Each one is applied to the
four-momentum of the jet.

The jet energy resolution (JER) is also an important parameter that gives the uncertainty of
the jet energy. It is calibrated using the dijet measurements!’273 and evaluated in the form of

relative uncertainty o (pr)/pt as a function of jet pr.
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Figure 3-14: Distribution of JVT (left) and fJVT (right) for pile-up jets and hard-scatter jets.

Jet Vertex Tagger

The Jet Vertex Tagger (JVT) is used to further suppress the pile-up jets!’#!. The JVT discrimi-
nant is defined as the fraction of scalar sum pr of jets originate from the hard vertex. The jets
with larger fraction are more likely to be the jets from hard-scatter. As the JVT use the track
information provided by ID, it can only cover the region |p| < 2.5. So for the jets in forward
region (2.5 < |n| < 4.5), the forward jet vertex tagging (fJVT) is used, which is defined as the
normalized projection of the missing transverse momentum on the forward jet pp!”>). The jet
with smaller fJVT value is more likely to be from hard-scatter. The distribution of JVT and

fJVT for pile-up jets and hard-scatter jets are shown in Figure 3-1474-73,

3.3.6 Taus

Tau is the heaviest lepton, with a mass of 1.78 GeV and lifetime of 290 fs[76]. It’s average travel
length in ATLAS detector is around 87 um before the decay. Around 35% of taus will decay
leptonically, to electron or muon plus a pair of neutrinos. The signatures of leptonically decay
tau (7)) is very similar to the electron and muon, making it difficult to distinguish. The rest
(65%) of taus decay hadronically (t,,,,), to one or three charged particles typically. They are
labelled as 1-prong and 3-prong, taking up 77% and 23% of hadronic decay respectively. The
identification of 7, use the Recurrent Neural Network (RNN), with information about tracks

771

and topo-clusters as input!””l. Four WPs are defined for both 1-prong and 3-prong decay mode:

VeryLoose, Loose, Medium and Tight.
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3.3.7 Missing Energy Transverse

The objects discussed above all leave clear signatures in the detector. However, there are some
particles do not interact with the matter in the detector or the interaction is very rare and weak.
For example, the neutrinos in SM or some BSM particles (such as dark matter candidates). As
a result, the energy carried by these particles will not be detected, and cause the momentum
imbalance in the transverse plane of the detector. The momentum along the beam line carried
by the partons in the pp collision is unknown, so only the transverse plane can be used. The

missing energy transverse (E%ﬁss) is thus defined as:

EPS = — ( Y pr+ ) pT) (3-8)

The )., 4Pt is the vector sum py of all the fully constructed high-level objects including
e, it, T,y and jets. The soft term considers all the tracks in ID that is associated to the primary
vertex but not related to any object. The uncertainties of ETTniss is estimated from the events
where no E%liss expected, such as Z — [[I78]. It is estimated to be around 10 GeV in low pile up

case (u ~ 5) and around 20 GeV when u ~ 40.

3.4 Flavor Tagging

Identifying the quark from which the jet originated, referred to as flavor tagging, is vital for
the physics analysis at ATLAS. The identification of jets originated from b-jet is the so-called
b-tagging and from c-jet is c-tagging, they are crucial for selecting the signal events and reject-
ing background in the VH (= bb, c¢¢) analysis. Currently, it is possible to perform the b-tagging
and c-tagging as b and ¢ quarks has relative long lifetime and leave signatures different from
other quarks. It is also possible to identify the jets originated from hadronically decay . The
following section will introduce the flavor tagging algorithm, and the details of the calibration

and its application in VH (= bb, c¢) analysis will be discussed in Chapter 4.
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3.4.1 Signatures of Jets

The distinction between b-jet, c-jet and light—jet is based on the characteristics of different jets.
The b-jet is the one that is most different from other jets, resulting in a high tagging efficiency
of b-jet. A schematic of the b-jet is shown in Figure 3-15!7%1. After the production of b-quark,
it will quickly hadronize into b-hadron and the b-hadron has a relative long lifetime, around 1.5
ps. A typical 50 GeV b-hadron will travel an average of 5 mm distance (L., shown in figure) in
the inner detector after its production, leading to at least one secondary vertex displaced with
an impact parameter of few mm. In addition, the b-hadron has a relative high invariant mass
compared with other hadrons, around 5 GeV, and carries around 75% of the jet energy. It means
that the decay chain of b-hadron will be longer and have high decay multiplicity, also its decay
fragmentation will be harder. Most of the b-hadrons will decay into c-hadrons due to the CKM
matrix transition value, |V, is 100 times larger than |V ;|. The c-hadron has a smaller lifetime

than b-hadron, but it will leave a second displaced vertex.

b-jet

-

Jet Primary
Vertex
P g
v 5
Prompt do :

Tracks

-

Jet

Figure 3-15: Illustration of the b-jet, taken from Refl”°],

The c-jet originates from the hadronization of the c-quark. The c-quark will usually hadronize
into a D-meson, which has a lifetime for about 0.4 — 1 ps. Thus, it will also travel a few mm in the
ID, but shorter than the b-hadrons, and leave a secondary vertex as well. Due to the dead-cone

effect, which predicts the gluon spectrum emitted by a heavy quark will be suppressed with the
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mass and energy of the quark[®0-311 the D-meson will carry about 55% of jet energy and has a
mass around 2 GeV, resulting a smaller decay multiplicity and softer decay fragmentation.

The light-jet originates from the hadronization of u, d, s quarks or gluons. The quarks will
hadronize instantly into several light-hadrons. Some hadrons can have long lifetime, which is
outside the ID. As a result, no secondary vertex can be found in the ID. The gluon-initialed
jets also leaves no secondary vertex. It will quickly hardonize and produce various kinds of
constitution.

The t-jet comes from the hadronic decay of T lepton. The 7 lepton has a lifetime of 0.29
ps and mass of 1.8 GeVI[®l. As a result, it will also have a secondary vertex in ID similar to the
c-jet. The tjet share quite some patterns with c-jet, making it challenging to distinguish the

two kinds of jets. However, the tjet are generally narrower than the c-jet.

3.4.2 Flavor Tagging Algorithm

ATLAS uses the patterns of different kinds of jets to distinguish them. The algorithms used
can be divided into two levels: the low-level taggers make use of the information in the ID and
calorimeter to extract the information that would be helpful to distinguish the jet, like vertex
and impact parameter. They match the track in ID and the jet calorimeter by the angular dis-
tance between them. The output of the low-level taggers are then combined into a multivariate
classifier, called high-level tagger. The common ATLAS high-level taggers use the machine
learning techniques, and their output are the final discriminant to perform the tagging of the

jets. The following section will introduce the algorithm used in the VH (= bb, c¢) analysis.

Low-level taggers

The low-level taggers in ATLAS can be divided into two broad categories. The first approach
is based on exploiting the large impact parameters of the tracks. It includes the IP2D,IP3D
algorithm!®?! and the RNNIPI33] algorithm. The second approach is based on exploiting the
displaced vertices, including the SV1 algorithm!®*! that reconstruct the secondary vertex and
JETFITTER algorithm!3>! that reconstruct the whole decay chain.

The IP2D algorithm uses the signed transverse impact parameter significance of tracks to
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build the discriminant while the IP3D algorithm uses both the signed transverse and signed
longitudinal impact parameter significances together. The b-jet is most likely to have a positive
significance, while the c-jet is second likely and the light-jet has the least possibility. The IP-
based algorithms assume that the properties of each track in a jet are independent of all other
tracks, thus limits the ability of jet modelling. The Recurrent neural networks are then used
to overcome this issue, and the algorithm is named as RNNIP. The neural network is fed with
signed transverse and longitudinal impact parameter significances, the fraction of transverse
momentum carried by the track, the angular distance between track and jet axis and the hit
multiplicity of the track in ID. The output discriminant of RNNIP has a better separation power
than the IP2D and IP3D.

The second vertex tagging algorithm, SV1, reconstruct a single secondary vertex in the jet. It
starts with the by identifying the possible two-track vertices built with all tracks associated with
the jet, while rejecting any tracks making two-track vertices compatible with K, or A decay,
photon conversions or hadronic interactions with detector. It runs iteratively on all tracks and
perform the 72 test of the secondary vertex until the y? reach the threshold and the vertex has
at least 6 GeV invariant mass.

The topological multi-vertex finding algorithm, JETFITTER, exploits the topological struc-
ture of b-hadron and c-hadron decays in the jet and try to reconstruct the full decay chain. A
Kalman filter is used to find a common line on which the primary vertex and the hadron decay
vertex lies. It can be used as an approximation of hadron flight path and the vertex position.
Based on these information, a set of discriminating variables are built to serve as the input to

high-level tagger.

High-level taggers

The high-level taggers make use of the information from the low-level taggers mentioned above
and use the machine learning techniques to create a more powerful discriminant. Based on the
machine learning technique used, the high-level taggers have several series: the MV 2 series that
use the boosted decision tree, the DL1 series that use deep neural network and the GN series
that use graph neural network. In the VH (- bb, c¢) analysis, the DL1r algorithm is used.

The DL1 can provide multi-dimensional output, which corresponds to the probability of the
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jet to be identified as b-jet, c-jet and light-jet. Since all flavors are treated equally during train-
ing, the trained network can be used for both b-tagging and c-tagging. The final discriminant

is defined based on the type of jets that would like to tag. For the b-tagging, it is defined as

P ) (3-9)

DLlrb - ln(fc ‘Pt (1 _fc) *Pi

where the p;,, p. and p; are the possibility of the jet tagged as b-, c- and light-jet, respectively.
The f.. is the fraction of c-jet in the background, which is calculated as 0.018 from the simulated
MC sample provided by the PMG group. This value is chosen to ensure good rejection of both

c-jet and light-jet in different analysis. Similarly, the discriminant for c-tagging is defined as

Pc
DLIr, =1 1
e n(fb “pp + (1= fp) 'Pl) (3-10)

with f, is usually chosen to be 0.2 in the FTAG recommendations, while in the VH (- bb, c¢)
analysis it is chosen to be 0.3 for a better performance in the specific phase space. Figure 3-

16 shows the distribution of DL1r;, and DLI1r,. score in the common FTAG recommendation

setup!86],
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Figure 3-16: Distribution of the DL1r output discriminant: DL1r,, (left) and DL1r, (right)86],

A cut can then be defined on the DL1r score, e.g. if a jet have the DL1r,, score larger than

the cut, it will be identified as a b-jet. The cut is also named as Working Point (WP). The WP
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always labelled by the tagging efliciency (e4) of the jet, which is defined as

f
_ N, pass sel.

€ = W (3-11)
where the f denote the flavor that tagged, NtfOt is the total number of the jets with flavor f, and
N{:ass <1 I8 the number of jets with flavor f that pass the cut. The number of jets is calculated from
the MC samples. A larger tagging efficiency will be able to select the jets that have the flavor
which is targeted, but also increase the possibility to mis-tag the flavor that is not the target.
One of the important criteria to quantify the performance of flavor tagging is the mis-tag rate

(or the rejection efficiency, which is the inverse of mis-tag rate). Figure 3-17 shows the c-jet and

light-jet rejection efficiency with different b-tagging efficiency!®’]. Since the tagging efficiency
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Figure 3-17: c-jet (left) and light-jet (right) rejection efficiency with different b-tagging effi-
ciency using different tagging algorithm!37].

is derived from the simulation, it needs to be calibrated. The Data-to-MC scale factors are
derived in a function of the momentum of jet pt by comparing the tagging performance in data
and MC, usually using a pure process that contain the jets with flavor targeted. The calibration

of the tagger used in the VH (- bb, c¢) analysis is shown in Section 4.3.1.
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New Tagging Algorithm

It can be found that the evolution of the flavor tagging algorithm is close related to the devel-
opment of machine learning techniques. The MV2 series using BDT and the DL1 series that
use deep neural network are the most popular algorithms used in the Run-2 analysis of ATLAS.
Now, the GN series uses the advanced graph neural network technique, and will be the default
recommended flavor tagging algorithm of ATLAS FTAG group.

The Graph neural network!®8! is tailored to handle the so-called group, which has a data
structure of complex relationship. It uses node to represent the entities and uses edge to rep-
resent relationship between entities. The information is passed between nodes via the edges,
which allows the GNN to learn the patterns of the information flow.

The first generation of the GN series tagger is the GN1[8%, Contrary to the MV and DL1
series that use low-level taggers as input, GN1 uses the information of the tracks directly. At
the 70% b-tagging efficiency, the GN1 tagger improves the c-jet rejection by a factor of 2.1
and the light-jet rejection by a factor of 1.8 compared to the DL1r. The GN2°% then super-
seded the GN1 by using the transformer architecture and improvement in the settings of the
network. Compared with GN1, GN2 improves the c-jet rejection by a factor of 1.5 and the
light-jet rejection by a factor of 2.

The development of flavor tagging is crucial to the performance of ATLAS analysis. For
example, in the VH (= bb) analysis, one of the major background is the V +ight process, where
the c-jets and light-jets are mis-identified as the b-jet. By improving the rejection efficiency,
the V' + light background can be reduced. It can be expected that in the future, more powerful

flavor tagging algorithms will be developed and benefit the physics analysis.

3.4.3 Flavor Tagging Calibration

As mentioned above, the working point of the tagger is defined distribution of MC sample,
which may have a different behavior than the real case(data), as shown in Figure 3-18. Thus,
the scale factors are derived to correct the difference, this procedure is named as calibration.
A detailed description about the calibration of the PCFT tagger is presented in the following.

This tagger is used in the VH (- bb, c¢¢) analysis, defined with in the 2D plane of bh-tagging
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score versus c-tagging score of the jets. It is designed to achieve simultaneous flavor tagging
for b- and c-jets, with new working points defined to increase c-jet efficiency. The details of the

tagger design can be found in the Section 4.3.1.

The calibration of the PCFT tagger follows the standard FTAG method!®!-93]. The calibra-
tion for b-jets, c-jets and light—jets are done separately. However, the efficiency of one kind
of jet has non-trivial relation with the efficiency of other kinds of jet, e.g. the efficiency of
c-jets can be affected by the number of b-jets and light—jets in the same tagged bin, which will
bring a circular dependence of the efficiencies for these three kind of jets. In order to mitigate
the dependence and derive reasonable scale factors, the following strategy is used. The b-jet
calibration is less dependent on the other two SFs given the high tagging efficiency and relative
pure calibration sample, so it is derived with floating SFs for c¢- and light—jets. The light jet
calibration is done similarly, but with the c-jet SFs constrained with a conservative uncertainty.
For the c-jet calibration, the b-jet SFs are also floated while the light—jet SFs are set to 1 with

an uncertainty derived from the /ight calibration.
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Figure 3-18: Comparison of the fraction of jets being tagged into different bins between
Monte Carlo and Data. Examples are taken from the first jet of ¢7 ey, opposite sign, 2jets
events.
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b-jet tagging efficiency

Almost all the fop quark will decay to a W boson and a b-quark, taking a BR up to 99.7%,
which is a golden final state enriched with b-jets. The b-jet calibration of PCFT uses standard
FTAG recipel®?], using the sample enriched with ¢7 di-leptonic decay events. By requiring two
leptons in the final state, the multi-jet background is highly suppressed. The details of the event

selection will be discussed later.

Data and Simulated Sample

Data: The full Run-2 dataset with an integrated luminosity of 140fb~!at centre-of-mass
energy of Vs = 13TeV is used. Data events are required to pass the quality check. The dataset
was collected using the lepton trigger, requiring the presence of high-pt electron or muon.

Top pair: The baseline ¢7 sample is produced with Powngc v2[°4931 generator, interfaced
to the PyTHiA 8 for parton shower process. Alternative sample is produced with POowHEG v2
interfaced to HErwiG 7.

One of the major background comes from the fake’ lepton events. The majority of this kind
of events is 77 with only one top decay leptonically, while another lepton coming from several
sources: non-prompt leptons from the decay of bottom or charm hadrons; electrons from photon
conversion; jets misidentified as electrons; muons produced from in-flight pion or kaon decays.
The ’fake’ lepton background is also modelled using the t# MC sample. Most of these events
have only one ’fake’ lepton, events with two or more ’fake’ leptons are found to be negligible.

Single-top: Single top production in association with a boson (W) process is also a major
background. The nominal sample is produced with POwHEG + PyTHiA 8, using the DR scheme
to handle the overlap with 77. The sample using same generator but with DS scheme is used as
alternative sample for the impact of interference. Alternative sample produced with POowHEG +
HEerwiG 7 is also used. The single-top #—channel and s—channel are relative minor background
process since there is only one real lepton. Their nominal samples are simulated using the same
generator as Wt channel. Their uncertainties are estimated directly from data.

V+jets: The V+jets can be split to Z+jets and W+jets events. In Z+jets events, the Z boson

decaying to a pair of leptons, while in W+jets events the W boson decay leptonically and another
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lepton candidate is *fake’. The nominal sample of V+jets is produced with SHERPA 2.2.1. The
systematic uncertainties for Z+jets are estimated using the internal weight variation of nominal
samples, whereas for W+jets it is evaluated from data.

Diboson: The Diboson production with additional jets can easily pass the selection if at
least one of the boson decay leptonically. It is simulated using SHErRPA 2.2.1 (for one boson
decay leptonically) and Suerpra 2.2.2 (for two bosons decay leptonically). The systematic un-

certainties are also estimated using internal weight variation.

Event selection and classification

In order to select events enriched with #7 events, the event is required to have exactly two

lepton candidates. The lepton candidate is defined as below:

* Electron candidates are reconstructed from isolated energy deposit in the electromag-
netic calorimeter matched to an ID track!®®l. The candidate in the calorimeter barrel/endcap
transition region, defined by 1.37 < |p| < 1.52 are excluded for bad quality. It is also
required to have transverse energy E; > 28 GeV, |5| < 2.47 and pass the medium iden-
tification criteria to reject the non-prompt candidates.

* Muon candidates are reconstructed by combining tracks found in the ID with tracks
found in the muon spectrometer®l. The muon candidates are required to have p >

27 GeV, |n| < 2.5 and pass the tight identification criteria to reject the background.

In order to reject the background with non-prompt electrons, the two lepton candidates are
required to have opposite charges. They are further requested that one lepton is electron and
the other is muon to suppress the Z+jets background. The event is also requested to have exact
two jets. The jets are ranked by their reconstructed pr.

For the purpose of the calibration method, it is useful to label the events according to the
flavor of the two jets in generation level. Events with two b-jets (non b-jets) are labelled as bb
(Il). Events with one b-jet and one non b-jets are labelled as bl or [b, depending on which jet
has larger pr.

Figure3-19 shows the prefit agreement between data and MC, which is good in general,

indicating a good consistency for the b-tag efficiency in data and MC. However, it can also
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Figure 3-19: Prefit distribution of leading jet pt (left) and its DL1rscore (right), categorized
by the physics process. The ratio panel shows the fraction of #7 events among all the MC
events.

be observed that there is a trend in the pt distribution that is probably brought by the well
known issue of top quark pt mis-modelling. This motivates the extraction of b-tag efficiency
in separate jet pr bins. The jet pt is divided to in total of nine bins, with the bin boundary as

[20,30,40,60,85,110,140,175,250,400]
Derivation of b-tag efficiency

The b-tag efficiencies in different py bins and PCFT bins are derived at same time, by max-

imizing the joint likelihood function. The general form of likelihood function is defined as:

10§LB(V,0ps Py, 0) = =V, + Z -logv;(P, 0) (3-12)

where v,,, is the total number of expected events, P, is the list of parameters of interest
(POI), the probability of b-jets being tagged. They are defined as the probability of a b-jet
falls into one of the five PCFT bins. 6 is the nuisance parameters that also contains the P, and
P;, which are the probabilities of c-jets and light—jets being tagged respectively. v; (n;) is the

expected (observed) number of events in the bin i. There is in total of N bins are considered in

55



Chapter 3 The ATLAS Experiment

the fit.
The probabilities (P) are split by the jet pr bins. As a result, the probabilities has the fol-

lowing relation:

P(b60|T?) + P(b60 — T0T?) + P(N|T?) + P(Cy|T?) + P(C¢IT?) = 1 (3-13)

where T? indicates one of the nine py bins. This relation is valid for both b-jet probabilities
(Pp,), c-jet probabilities (P.) and light—jet probabilities.

In the fit regions, the events are binned according to the b-tagging bins and pt bins of the
two jets. Assuming the j1 with py in 77 is tagged as O* and j2 with py in T" is tagged as OP,

the expected events in a given (77, T", Ok, OP) bin is:

v(T™, T", 0K, 0P) = V)i - P,(OX|T™) - P, (OP|T™)
+ VI PL(OKT™) - P (OPIT™)
(3-14)
+ VI Pr(OKIT™) - P (OPIT™)
+ VI P(OKIT™) - Pj(OPIT™)

Note that for simplicity, here the P, includes both c- and light—jet probabilities, they are
separated in the actual fit. In order to mitigate the dependence of b-tag efficiencies on P; and

P, they are free floating instead of taking from the other calibration.

Results

The fit results are interpreted with the scale factors, which is the ratio between the fitted
efficiencies over the efficiencies derived from the MC. Figure 3-20 shows the scale factors in
five PCFT bins.

Cross-check has been done to ensure the reliability of the fit results. The fit to a Pseudo
dataset that is built with the nominal MC prediction gives the scale factors very close to unity.
Additionally, since the b-tag working point is inherited from the official ones, the SFs in the two
b-tagged bins should also be close. The check results are shown in Figure 3-21. The results are

compatible within the uncertainties. Some small differences are expected due to the different
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Figure 3-20: b-jet tagging scale factors as a function of jet pr in different PCFT bins.
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tagger design and evolution of MC samples.
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Figure 3-21: Comparison of scale factors of 60%(down) and 60-70%((up) b-tagged bins be-
tween FTAG official results and custom results.

c-jets and [-jets tagging efficiencies

c-jet tagging efficiency

The calibration of c-jets use the semi-leptonic 7 events following the official suggestions.
The SFs for b-jets and /—jets are floating in the fit. The events in B 60% bin is split into two,
with threshold of DL1r,. = 8, to allow for a better constraint on b-jet and c-jet SFs at the same
time. For the light—jet SFs, due to the very low efficiencies at B 60% bin, the SFs in this bin
is set to 1 with the uncertainties taken from fixed cut 70% calibration. Figure 3-22 shows the
c-jets scale factors with the PowHEG + PyTHIA 8 samples. In the analysis, there is also a small

amount of T—jets, which use the same SFs as c-jets for simplicity.

[—jet tagging efficiency
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[—jet calibration is based on the Z+jets events, using the negative tag method (or named
Flipped method). The /—jets SFs in the two b-tag bins have negligible impact on the analysis,
so a relative conservative way of estimating uncertainties is applied. The b-jet SFs are free
floating in the fit and c-jet SFs are set to 1 with 30% uncertainties. Figure 3-22 shows the /—jets

scale factors with the PowHEG + PyTH1A 8 samples.
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Figure 3-22: Scale Factors for c-jets (left) and /—jets (right) in different PCFT bins.
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Chapter 4

Simultaneous Measurements of Higgs to

charm and to bottom Yukawa Coupling

4.1 Introduction

The Higgs boson was discovered by ATLAS and CMSH7-181 in 2012 using the Run-1 data of
LHC, mainly through the bosonic decay channel of Higgs boson (H - WW,H - ZZ,H —
yv). Since its discovery, the properties of Higgs are studied in increasing detail. The SM
predicts that the Higgs boson has the Yukawa couplings with the fermions and the coupling
strength is proportional to the mass of the fermions. Thus, the discovery and measurements of
the Yukawa coupling is of crucial importance to validate the BEH mechanism and understand

the fermion flavor structure.

Using the Run-1 dataset, the coupling of Higgs to T lepton was discovered and measured,
with the ATLAS and CMS combined search for H — vt decay, which is the first test of the
Yukawa mechanism. With the successful operation of Run-2 of LHC, more data is delivered and
the Yukawa coupling of other fermions are discovered, starting with the observation top quark
Yukawa coupling via t#H production®”-?3! and follows the bottom quark Yukawa coupling. The
H - bb is the most common decay mode in prediction, taking up 58% BR for Higgs mass at
125 GeVI!'l, However, the multi-jet background in hadron collider makes it very challenging
to discover. In order to suppress the multi-jet background, the VH production mode is studied,
requiring the vector boson (W or Z boson) decay leptonically, which meanwhile allows for a

sufficient trigger efficiency using lepton triggers and E%liss triggers. Utilizing this production
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mode, ATLAS and CMS collaboration both observed the H — bb decay model®-1001 - After
the discovery, the focus of the study shifted to the measurement with better precision, to better
test the SM. Three additional results are published by ATLAS using the full Run-2 data, with
an integrated luminosity of 140 fb=!. The first result!!®!] focus on the events with relative
low Lorentz boost, where the two jets from the Higgs decay can be resolved into two separate
small radius (small-R) jets in the detector. This is always referred to the resolved regime and
will also be used in the following context. Complementary to the resolved regime, the second
result!!92] target the events with high Lorentz boost (usually noted as boosted regime), where
the two jets from the Higgs decay is merged and can be reconstructed as a single large-radius
(large-R) jet (with the jet radius parameter R = 1). These two results target different kinematic
phase space, but still have some overlap with each other. The third results then harmonized and
combined these two regimes for a comprehensive understanding of the whole p4 spectrum!!03].
The combination introduced a p¥ split for the switch between Resolved and boosted region.
Below the p¥ = 400 GeV, the resolved strategy is applied while above the cut boosted strategy
is applied. In the meantime, CMS collaboration also performed a similar combined analysis for
VH (- bb) in 2022, using full Run-2 dataset with integrated luminosity of 138 fb~![1041, Both

ATLAS and CMS results show a good consistency with the SM prediction.

With the coupling of Higgs to the third-generation fermions well established, efforts are
also devoted to searching for the coupling with other fermions, especially second generation,
namely ¢, s quarks and p lepton. ATLAS has reported a search for the H — ppu, with an 2
sigma excess over the background hypothesis!!%]. For the H — cc and H — ss decays, ATLAS

also has direct searches that providing the upper limits, but no direct evidence found yet.

Among all the searches for Higgs coupling to the first and second generation quarks, the
H — cc decay is the most promising decay channel to look into. With the branching ratio of
2.89% in the SM prediction!!”), H — c¢¢ is the largest undiscovered Higgs decay channel. In
the meantime, due to its smallness (comparing to the major decay modes), it is susceptible and
could be significantly affected in some new physics scenarios!>10-1111 Similar to the bb decay
channel, the multi-jet is also the major background. In addition, the c-hadrons has relative
shorter lifetimes and smaller masses than the b-hadrons, making it harder to be distinguished

from other jets (The details of their tagging performance will be discussed in the later section)
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and thus has a worse signal significance. As a result, VH production mode provides the best
sensitivity as it has a relative clean background. Both ATLAS and CMS has published results
that set upper limit on the VH production mode cross-section times the branching ratio of H —
cc. Using the full Run-2 dataset, ATLAS collaboration measured an upper limit of 26 times
the signal strength predicted by the SM (31 times SM for expected)!!?], corresponding to a
constraint on the charm Yukawa coupling modifier . < 8.5(12.4) at 95% confidence level.
The CMS collaboration measured an upper limit 14.4 times SM (7.6 times SM for expected),

and a constrainton 1.1 < x. < 5.5 (|x .| < 3.4 for expected).

Due to the similarity of the VH (- bb) and VH (- ¢¢) process, there are significant benefits
to measuring them simultaneously. The first advantage is that it can have an extended physics
output. With the combined analysis, it is possible to simultaneously measure the Yukawa cou-
pling modifiers x;, and . or their ratios x ./ %, without making any assumption on total width
of Higgs. The second advantage is about a more coherent treatment of the background. The
main background in both VH (- bb) and VH (- c¢¢) analyses are V + jets and top process.
Same control regions can be shared between two analyses to have a better control of these
[103]

backgrounds. Previously, there are already combinations of resolved+boosted VH (— bb)

and resolved VH (- bb) + resolved VH (- ¢¢)[1121,

The analyses presented following aim to combine the resolved VH (- bb), boosted VH (-
bb) and resolved VH (- ¢¢) regimes, using an integrated luminosity of 140 fb~! dataset. While
the previous combinations demonstrated the feasibility of such combined measurements, they
used individual analysis strategies from each published results. This analysis separate the
regimes by different requirement for the Higgs candidate and the pt of reconstructed vector
boson (p¥), as shown in Figure 4-1. The VH (- bb) regime requires to have exactly two
b-tagged jets while the VH (— cc) region requires to have at least one c-tagged jet. The re-
solved and boosted VH (- bb) regimes are split at the threshold of pY = 400 GeV following
the previous studies. The Higgs candidate is constructed from two small R jets (R = 0.4) below
the threshold. Above the threshold, it is built from a large R jet (R = 1) with two track jets

(ghost-associated to the large R jet).

A coherent analysis strategy is used across the regimes, which is optimized both for VH (-

bb) and VH (- c¢¢), and the uncertainties are correlated as much as possible. A cross-check
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Figure 4-1: Illustration of the analysis regime used in the analysis. The VH (- bb) and
VH (- cc) regimes is split by the requirement of b- and c¢- tagged jets. The boosted and re-
solved are split by a cut at p¥ = 400 GeV.

that considering the SM VZ(— bb) and VZ(— c¢) process as signal is also performed to valid
the analysis strategy. In the meantime, with the improved object reconstruction and calibration
as well as event classification techniques, especially the flavor tagging techniques and multi-

variate classifier, the results have a significant improvement compared with the previous ones.

This analysis extract all the results from the combined fit considering all the regimes, de-

livering the following physics output:

* Inclusive VH (- bb) signal strength and significance

* Inclusive VH (- cc) signal strength and upper limit

» Signal strength and significance for WH (- bb) and ZH (- bb) process, Signal strength
and upper limit for WH (- ¢¢) and ZH (- cc¢) process

* Signal strength and significance for ZH (- bb), WH (- bb), ZH (- ¢¢) and WH (- ¢¢)
process

* Reduced Stagel.2 Simplified cross-section measurements (STXS) in p¥ and jet multi-
plicity bins

* Constraint on Yukawa coupling modifier %, i ., and their ratio x .ic,,
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This chapter is organized as following. The Section 4.2 describes the Data and Monte
Carlo samples used in the analysis. Section 4.3 shows the flavor tagging techniques used in
the analysis and will especially show the b-jet tagging efficiency derivation. Section 4.4 and
4.5 summarizes the event selection and categorization, the details of events tagging strategy
is also descibed. Section 4.6 will discuss the jet energy correction applied to improve signal
resolution. Section 4.7 shows the multi-variate analysis techniques applied for the separation
of signal and backgrounds. The treatments of systematic uncertainties are briefly summarized
in Section 4.8.3. Section 4.8 shows the fit model and the treatments of systematic uncertainties,
a fit study for the assessment of impact from mismodelling is also shown. The fit results and

interpretation will be shown in Section 4.9 and a brief summary will be given in Section 4.10.

4.2 Data and Simulated Samples

4.2.1 Data

The data used in this analysis were collected by ATLAS during the Run-2 proton-proton colli-
sion of LHC, corresponding to an integrated luminosity of 140 fb~!at v5 = 13~TeV[34l. Data
events are required to pass a number of quality requirements. The triggers used in this analysis

for data collection will be discussed later in Section 4.4.

4.2.2 Simulated Sample

The main background in both VH (- bb) and VH (- ¢¢) regime comes from the V + jets and
top quark process. The V + jets background mainly consists b or ¢ quarks, thus divided based
on the flavor composition to V + hf (bb,cc), V + mf (bc,bl,cl) and V + light. Similarly, the
top process can also be divided to Top(bb) ', which is dominant top background in the VH (-
bb) regime, and the remaining components are grouped. The minor background processes
are single-top, multi-jet and Diboson process. All the simulated sample are passed through the
ATLAS detector simulation and reconstructed with ATLAS offline reconstruction softwarel!13].

Table 4-1 lists the matrix element generators, PDF set and Parton showered used for the nominal

1 The b/c here in the brackets refer to the flavor composition of the higgs candidate jets
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Process ‘ Matrix Element ‘ PDF Set (ME) ‘ Parton Shower ‘ o order ‘ ox Br [pb]
qq - WH - 0vbb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO(QCD)+ NLO(EW) | 2.69 x 107!
qq = ZH - vvbb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO(QCD)+ NLO(EW) | 8.91 x 102
qq = ZH - 0bb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO (QCD)+NLO(EW) | 2.99 x 10~2
g¢ —» ZH - vvbb | PowHeg-Box v2 NNPDF3.0NLO Pythia-8.307 NLO+NLL 1.43 x 1072
gg —» ZH — 00bb | PowHeg-Box v2 NNPDF3.0NLO Pythia-8.307 NLO+NLL 4.80x 1073
qq » WH — ¢vcc | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO(QCD)+ NLO(EW) | 1.34 x 1072
qq - ZH - vvcc | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO(QCD)+ NLO(EW) | 4.42 x 1073
qq - ZH - €cc | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO Pythia-8.245 NNLO (QCD)+NLO(EW) | 1.48 x 1073
88 » ZH - vvce | PowHeg-Box v2 NNPDF3.0NLO Pythia-8.307 NLO+NLL 7.10 x 1074
g8 » ZH - cc | PowHeg-Box v2 NNPDF3.0NLO Pythia-8.307 NLO+NLL 2.38 x 1074
Z - vy +jets Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NNLO 10700

W — v + jets Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NNLO 60200

Z - €0 + jets Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NNLO 6300

1t Powheg-Box v2 NNPDF3.0NLO Pythia-8.230 NNLO+NNLL 832
single-top (s) Powheg-Box v2 NNPDF3.0NLO Pythia-8.230 NNLO 10.32
single-top () Powheg-Box v2 NNPDF3.0NLO Pythia-8.230 NNLO 214.2
single-top (W) Powheg-Box v2 NNPDF3.0NLO Pythia-8.230 Approx. NNLO 79.3

qq > WW Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NLO 109.28

qq > WZ Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NLO 20.85

qq > ZZ Sherpa 2.2.11 NNPDF3.0NNLO | Sherpa2.2.11 | NLO 17.51

gg > VvV Sherpa 2.2.2 NNPDF3.0NNLO | Sherpa 2.2.2 NLO 3.09

Table 4-1: The nominal Monte Carlo samples used in the VH (- bb, c¢) analysis, and the cor-
responding process cross-sections at vis = 13 TeV. The PDF sets in the table are the ones used
for the matrix element. For the signal, the samples are reweighted to the PDFALHC15NLO
PDF set.

MC samples. The corresponding cross-sections are also shown.

Signal

The VH production mode is composed of g¢g - VH and gg — ZH process, the Feynman
diagrams are shown in Figure 4-2 and 4-3. Both of two processes are taken into account. They
are simulated with Powngc v2°+9 generator, interfaced to the PyTHia 8 for parton shower
process. For the matrix elements (ME) process, NNPDF3.0NLO PDF!!!'4l is used and then
reweighted to PDF4ALHC15NLO! 5! PDF set. Alternative samples generated with POWHEG +

Herwic 7!116] are available and used for the assessment of signal modelling uncertainties.

V

q

Figure 4-2: LO gq - VH process Feynman diagram.
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Figure 4-3: LO gg — ZH process Feynman diagram.

V+jets

The production of vector boson in association with jets (V +jets) is one of the major background
for all channels in the analysis. Figure 4-4 shows some example of the Feynman diagrams
of V+jets process. Two quarks are generated by the decay of one vector boson or through

scattering, which can be misidentified as quarks decaying from Higgs.

q
q

q
q q’
|4 "4

Figure 4-4: Some example Feynman diagrams of V' + jets process.

The nominal V + jets process is simulated with Suerpa 2.2.111117] The default parton
shower and hadronization is simulated with SHErRPA. Two sets of alternative samples are used.
One is generated with the MADGraPH FxFx!!!8] interfaced to the PyTHia 8. Another one is
generated with SHERPA 2.2.1, which is mainly for assessment of the kinematic (p¥ ) distribution

uncertainties which is not fully covered by the scale variation of nominal sample.

Top pair

The top pair production (z7) is also one of the major background. Figure 4-5 shows the leading
order ff process. tf can enter different channels depending on the decay of W bosons. The two
quarks decaying from top quarks can be misidentified as the quarks decay from Higgs. If two
W bosons decay hadronically or decay to hadronic ts, it will enter the O-lepton channel. If

one of the W bosons decay leptonically, it will most probably enter the 1-lepton channel. With
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both W bosons decay leptonically, the event will be categorized into 2-lepton channel. 7 is
significant in O-lepton and 1-lepton channels and has much fewer yields in 2-lepton channel.
As a result, the data-driven method is used to estimate the top (¢7+single-top) background in

2-lepton channel.

=+|
(o]

w

w

b

Figure 4-5: LO tf process Feynman diagram.

The nominal sample of ¢7 is generated with PowHEG using NLO calculation for matrix el-
ement and PyTHiA 8 for parton shower and hadronization. Reweighting to NNLO calculation
of matrix element is also tried but no major improvement is found, so it is not used. Two sets
of alternative samples are generated. A PowHEG + HErRwIG 7 sample is used for the estima-
tion of modelling uncertainties related to parton shower. The uncertainties related to the matrix

element calculation is estimated from another MADGRAPH + PyTHIA 8 sample.

Single-top

As shown in Figure 4-6, the single-top process can be divided to s—channel, —channel and
Wt—channel. The dominant contribution comes from the W¢—channel. They are generated

separately using POwHEG interfaced with PyTHiA 8.

q t b t b w

Figure 4-6: LO Feynman diagrams of single-top process in s—channel (left), 7—channel (mid-
dle) and Wt—channel (right) .

In the case of Wr—channel, there is some overlap with the 77 process. At NLO in QCD,

these processes have common diagrams, and it is impossible to keep them formally apart. The
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diagram subtraction (DS) scheme!! 1°! is used to handle the overlap by removing doubly resonant
diagrams from the Wt sample, i.e. where both top quarks are on-shell. Another scheme named
diagram removal (DR) is also studied and used as alternative scheme to assess the systematic
uncertainties. The DS-DR difference is also expected to take the interference between 7 and
single-top into account. In previous iterations of the analysis, the DR scheme was used as the
default. However, in this analysis, the DS scheme showed better agreement of MC with data in
the boosted VH (- bb) regime and is thus used as the nominal sample.

Alternative single-top samples are used for t—channel and W¢—channel. PowHEG + HERWIG
7 sample is used as parton shower variation and MADGRAPH + PYTHIA 8 is used as matrix

element variation.

Diboson

The Diboson process has a quite similar signature as the signal, the leading order Feynman
diagrams are shown in Figure 4-7 (qq-initiated) and Figure 4-8 (gg-initiated). One of the vector

boson can decay to a pair of quarks, which is same as Higgs decay.

q w |4
Z
q
q w |4

Figure 4-7: LO Feynman diagrams of qq-initiated Diboson process s-channel (left) and t-

channel (right).
855y Vv g 4
Ex vy v 8 |4

Figure 4-8: LO Feynman diagrams of gg-initiated Diboson process.

The nominal simulation generator for qg-initiated process is SHERPA 2.2.11 and SHERPA
2.2.2 for gg-initiated. The alternative POWHEG + PyTH1A 8 sample is used for the assessment of

systematic uncertainties related to matrix element and parton shower. The additional SHERPA
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2.2.1 sample is also used, similarly to V+jets, for covering the difference between Data and MC

in kinematic distribution.

Multi-jet

The dominant contribution to this background comes from real muons or electrons from heavy-
flavour hadrons decaying semi-leptonically or jets faking leptons, which trigger the event. Only
a small fraction of these events can pass the selection since the leptons are not expected to
be isolated. Given its low efficiency, it is hard to have a reliable MC simulation for multi-jet.
Thus, the data-driven method is used to extract its contribution. After the event selection that
especially suppress the multi-jet background, its contribution is found to be negligible in the
O-lepton and 2-lepton channel, also in the boosted 1-lepton channel. As a result, it is only

considered for resolved 1-lepton channel.

4.3 Flavor Tagging

In the VH (- bb, c¢) process, the Higgs will decay to a pair of b-quarks or c-quarks, which will
undergo fragmentation and harmonization and finally become jets in the detector. By distin-
guishing b-jets and c-jets from light—jets and T —jets, the events which is more signal-like can
be selected. As a result, the performance of flavor tagging plays a crucial role in improving the
signal sensitivity.

In ATLAS standard flavor tagging procedure, the tagging of jets is done separately. To be
more explicit, the jet go through the b-tagger and c-tagger separately, and each tagger give the
evaluation. It means that in some case, the jet could be possible to be b-tagged and c-tagged at
the same time. To avoid selecting the same event twice in this case, the previous analysis will
only consider the jet to be a c-jet only when it fails the b-tagging requirement. However, the
calibration of the taggers are still done separately, which brings difficulty for deriving the scale
factors across tag regions.

Following the recommendation from the FTAG group, a custom tagger called Pseudo Con-
tinuous Flavor Tagging (PCFT) is built that simultaneously tag the b-jet and c-jet. This tagger

is used in the resolved regimes. The basic scheme and the calibration is shown in the following,
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especially the b-jet calibration of this tagger will be discussed in detail.

4.3.1 Flavor Tagging in Resolved Regimes

The PCFT aims to provide a harmonized tagger for the analysis and further ensure the orthog-
onality between regimes and coherent treatment of uncertainties. The jet will be assigned a
b-tagging score (DL1r;,) and c-tagging score (DL1r,.) at the same time. The definition of DL1r,,
and DL1r,. follows the standard recommendation from ATLAS . As demonstrated in Figure 4-9,
two b-tagging working points (WPs) and two c-tagging WPs divide the 2D plane of /- and c-

tagging score to five exclusive bins.

c-tag score

c-tight (Cr)
b-jet: 4.8%

B
c-jet: 24%
25% light-jet: 0.9% / >
c-efficiency c-loose (Cp) b-60-70% b-60%
b-jet: 12% b-jet: 11% b-jet: 58%
c-jet: 21% c-jet: 5.2% c-jet: 2.7%
light-jet: 6.5% light-jet: 0.13% light-jet: 0.05%
45%
c-efficiency

Untagged (N)
b-jet: 15%
c-jet: 48%

light-jet: 92%

70% 60% b-tag score
b-efficiency b-efficiency

Figure 4-9: Schematic of flavor tagging regions used in the resolved regimes. The efficiencies
for the various jet flavors in the various regions are extracted from a simulated ¢7 sample fol-
lowing the procedure detailed in Ref.°!].

The b — 60% bin comprises jet with the b-tagging score larger than the 60% b-tagging
efficiency DL1r, cut value (DL1r, > 4.565). The b — 60% — 70% bin comprises jet with the
b-tagging score between the 60% and 70% b-tagging efficiency DL1r; cut values (3.245 <
DL1r, < 4.565). The jet that falls into these two bins is classified as b-tagged, labelled as B.
For the jets that fail the b-tagging requirement (DL1r;, < 3.245), they will be classified into the
following three bins depending on their DL1r_ score: tight-c tagged jet (labelled as Ct) that
have the score larger than 25% c-tagging efficiency cut value (DL1r,. > 1.76); Loose-c tagged

jet (labelled as Cy)) that have the score between 25% and 45% c-tagging efficiency cut values
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(0.67 < DL1r,. < 1.76); Not tagged jet (labelled as N), which comprises jets that fail all the four
above-mentioned bins. The jet that is labelled as Ct or Cy, is classified as c-tagged.

The cut values for the 60% and 70% b-tagging WPs are inherited from the standard ATLAS
FTAG DL1r recommendation, while the tight and loose c-tagging WPs are optimized by the
analysis team. The tagging efficiency for b-, c- and light— jets of each bin can be found in
Figure 4-9. For the T—jets, the efficiency in the tight and loose c-tagging bins are around 20%,
while in the b-tagged bins are very small (order of 1%). The calibration of the PCFT tagger has

already been presented in 3.4.3

4.3.2 Flavor Tagging in Boosted Regime

In the boosted regime, only b-tag is needed. So the FTAG standard Pseudo Continuous B
Tagging (PCBT) is applied to the VR track jets. PCBT defines four working points depending
on the efficiencies of b-jet to pass the selection, which are 60%, 70%, 77% and 85%. In order
to have more signal events in the boosted regime, the 85% WP is chosen. The details of the

PCBT and its calibration can be found in FTAG paper?®!l.

4.4 Event Selection

The events used in this analysis are selected based on the criteria described in the following
section. The event is required to be triggered by the given triggers. After that, the objects
in the event will be reconstructed, and they need to meet certain criteria to be considered as
valid objects. Based on the objects that pass the selection, the events are further selected, with
different criteria for different regimes and lepton channels. These events selection criteria can
be classified into selections related to the vector boson candidate, selections related to Higgs

candidate and selections related to suppression of multi-jet background.

4.4.1 Trigger Selection

The trigger used in VH (- bb) and VH (- c¢) regimes are harmonized. In 0-lepton channel,

events are selected using the lowest un-prescaled E%’iss triggers with online thresholds of 70
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GeV for the data recorded in 2015, of 90 and 110 GeV for data recorded in 2016 and 110
GeV for data recorded in 2017 and 2018.

In 1-lepton channel, single electron events are required to be triggered by at least one of
the lowest un-prescaled single electron triggers. Single muon events are triggered by lowest
un-prescaled muon triggers for p¥ < 150 GeV. For higher pY events, the same ETS trigger as
0-lepton channel is used for higher efficiency than single muon trigger.

In 2-lepton channel, similar triggers are used as 1-lepton channel. The only exception is
that in the muon channel, the threshold of switch between single muon trigger and E‘TniSS trigger
is 250 GeV.

The scale factors of the triggers are applied. For EITniSS trigger, the efficiency and scale factors
are measured independently using three different samples: W (uv) + jets, Z(uu) + jets and
semi-leptonic #7. In this analysis, the scale factors measured using #7 are used as it provides
better agreement between data and MC. The other two scale factors are included as systematic
uncertainties. However, in the 2-lepton channel, since the E’T’rliss trigger efficiency reaches 100%,

no SF is used. For lepton triggers, the SFs are applied following the recommendations.

4.4.2 Object Selection

The object used in the analysis is based on the reconstructed objects mentioned in Section 3.3.

The definition and additional criteria used in this analysis is shown in the following.

Primary vertex

Events enter the analysis is required to have at least one primary vertex.

Electrons

All electrons are required to have py > 7GeV and |n| < 2.47, the track associated needs to
pass additional requirement on the impact parameters. Three sets of criteria are considered for
the electron selection: VH-Loose, ZH-Signal and WH-Signal, the criteria are listed in Table 4-
2. The electron fails these three criteria will not be considered. The electron identification

efficiency and energy scale factors are applied following the recommendation.
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Electron Selection Dt n ID  dy® wrt. BL [Azysin| Isolation
VH-Loose >7GeV  |n| <247 Loose <5 <0.5mm Loose_VarRad
ZH-Signal >27 GeV |np] <2.47 Loose <5 <0.5mm Loose_VarRad
WH-Signal >27GeV |n| <247 Tight <5 < 0.5mm HighPtCaloOnly

Table 4-2: Electron selection requirements.

Muons

Similar to the electrons, the muons are required to have pr > 7GeV and || < 2.7, also with
requirements on the tracks associated. All the muons in || < 2.5 are required to pass the
additional ID quality check, while the muon in |p| > 2.5 are reconstructed using standalone
algorithm. Three sets of criteria for the muon selection are listed in Table 4-3. The muon fails
these criteria will not be considered. The muon reconstruction, isolation and track-to-vertex

association scale factors, as well as energy scale factors, are applied following the recommen-

dation.

Muon Selection Dt 7 1D dy® wrt. BL  |Az,sin 6] Isolation
VH-Loose >7 GeV In] <2.7  Loose <3 < 0.5 mm Loose_VarRad
ZH-Signal >27 GeV In] <2.5 Loose <3 < 0.5 mm Loose_VarRad

. >25 GeV when pY¥ > 150 GeV . .
WH-Signal 27 GeV when pY < 150 GeV Inl <2.5 Medium <3 < 0.5mm HighPtTrackOnly
Table 4-3: Muon selection requirements.
Taus

The hadronic taus (t,,) are considered for this analysis. All the hadronic taus are required to
have pt > 20GeV and |5| < 2.5. The tau identification is based on the RNN. The 7, candi-
dates need to pass the Loose WP, which corresponds to 85% efficiencies for 1-prong and 75%
efficiencies for 3-prong. The requirements are listed in Table 4-4. The reconstruction, identifi-

cation scale factors and the energy corrections are applied according to the recommendations.

Lepton Pt n Ny ID
tau >20GeV  |p| <2.5 1lor3tracks Loose

Table 4-4: Hadronic tau selection requirements.
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Jets

In this analysis, the Higgs candidate is expected to decay to a pair of b- or c-quarks, which will
continue fragmentation and hadronization, becoming the jets in the detector. Consequently, jets
play a very important role in identifying event whose topologies and kinematics are consistent
with the signal processes.

Three different kind of jets reconstructed with anti-k; algorithm is used in the analysis:

* Small-R jets: calorimeter jet collection with R = 0.4, used to reconstruct the Higgs-
candidate in resolved regime and in the event categorization.

* Large-R jets: calorimeter jet collection with R = 1, used to reconstruct the Higgs-
candidate in boosted regime.

* Variable-R track jets: track jet collection with variable radius, used to reconstruct the

b-tagged objects inside the large-R jet and in the event categorization in boosted regime.

Small-R Jets The reconstruction of small-R jets use the particle flow as inputs. They are
classified as either “’signal” jets (|| < 2.5) or "forward” jets (2.5 < |5| < 4.5). Only the signal
jets are used for the reconstruction of Higgs candidate, but both of them are considered for E%liss
reconstruction and event categorization.

The jet vertex tagger (JVT) and forward jet vertex tagger (fJVT) are applied to suppress pile-
up jets. The tight JVT WP and loose fIVT WP are used. Additional JetCleaning requirement
is applied to help remove the jets from calorimeter noise or beam-induced background fake
jets!120-1211,

The jet mass calibration of small-R jets is recommended for jets with mass over 40 GeV,
while in this analysis most of the jets have mass scale from 5 to 20 GeV. Thus, the mass
calibration is not applied. The JVT and fJVT efficiency scale factors are applied following the

recommendation.

The selection criteria for small-R jets are summarized in Table 4-5.

Large-R jets In the VH(— bb) boosted regime, two b-jets from the Higgs decay are very
close to each other, and can be reconstructed to one single large-R jet. The reconstruction

of large-R jets use the topo-cluster object as inputs. The clustered jets in the reconstruction
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Jet Category | Tight Jet Cleaning Pr n JIVTHIVT
Signal Jet true > 20 GeV <25 IVT>0.5
& ) for |n] <2.4, pr < 60 GeV jets
fIVT<0.5
Forward Jet true >30GeV 25<|p| <45 for pr < 120 GeV jets

Table 4-5: Small-R selection requirements.

algorithm are afterwards ”groomed” using the trimming procedure to minimize contamination
from pileup and the underlying events!!??]. For the analysis, only large-R jets with pr > 250GeV
and |5| < 2.0 are considered. The p threshold corresponds to the point when two b-jets are

separated by AR = 1!. Table 4-6 summarize the selection criteria for large-R jets.

Track jets The track jets are reconstructed using the variable radius algorithm with the pa-
rameters already discussed in Section 3.3.5. They are used as the inputs for the b-tagging to
identify the jets originating from the Higgs decay. They are preferred than the standard R = 0.4
jets since it can better separate two b-hadron in high pr region, and can better suppress pile-up
jets by matching the track with primary vertex. The standard tracking quality criteria are ap-
plied. The selection criteria are summarized in Table 4-6. Since there is no recommendation for
track jets calibration and uncertainties, they are not applied and the flavor tagging uncertainties

are expected to cover the effects.

Jet Category  Selection Requirements

Large-R jets pr > 250GeV
In] < 2.0

Track jets pr > 10GeV
In] < 2.5

Table 4-6: Summary of the large-R jets and VR track jets selections.

Missing Energy Transverse

The missing energy transverse (MET or E%liss) is used in the O-lepton and 1-lepton channel

as a sign of neutrinos. The E‘Tniss related variable is also used in the 2-lepton channel for the

1 The angular distance AR(i,j) between two particles i and j (or objects such as jets) is defined as AR(i,j) =
\/(A¢(i,j))2 + (An(i,f))? with A¢(i,j) = ¢, — ¢, the azimuthal and A7 (i) = 5; - 7, the pseudorapidity distances.
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suppression of 17 background. No scale factor is applied to ErTniSS, and it is calculated using other
objects after applying corresponding SFs.

The variables used in 2-lepton MVA training is named E%liss //S7, defined as:

miss
ET

. 4-1)
VX pe + Y ph + 3 plers

E%liss / \/S_T —

This variable includes the resolution information of EIT’rliSS and the signal process should give a
value around zero, thus it can bring improvement for the 2-lepton MVA training.

Aside from the normal E‘TniSS built from electrons, muons, taus, jets and a track-based soft
term, a track-based MET (E%jﬁjck) is also used. EITmtﬁzck is reconstructed using electrons, muons

and tracks based on ID. Since ID only detects charged particles, the E%“;:Ck do not account for

the neutral particles.

4.4.3 Vector boson Selection

The leptons (electrons and muons) defined in the Section 4.4.2 are used for the categorization
of lepton channels. Events with zero VH-loose leptons are considered for O-lepton channel.
Events with exactly one WH-signal lepton and no additional VH-loose lepton are considered
for 1-lepton channel. Events with exactly two VH-loose leptons are considered for 2-lepton

channel. Further requirements of each lepton channels are discussed below.

O-lepton channel The vector boson (Z boson) in O-lepton channel is expected to decay to a
pair of neutrinos, which appears as E%liss in the detector. The transverse momentum of Z boson
is thus represented by the EMiS. In the resolved VH (— bb) and VH (- c¢¢) regimes, the Ess
is required to be larger than 150 GeV for an efficient reconstruction of Z boson. The EIT‘rliSS
trigger efficiency is about 90% at 150 GeV, and reaches the plateau at around 200 GeV where
the efficiency is near 100%. In the boosted regime, the EITniSS is required to be larger than 200
GeV.

Additional requirements are applied on the scalar sum of jets pt (Sy). S is asked to be
larger than 120 GeV in events with 2 jets and 150 GeV for events with 3 or more jets (3-p jets).

This requirement is designed to remove the phase space that has the mismodelling issue due to
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the non-trival dependence of trigger efficiency on jet property.

Given that the counting of lepton numbers in lepton channel categorization only consider
the electron and muon, there is a special case that the WH process with W decay to Tv and
subsequently T decays hadronically. This kind of events will not have electron or muon and
thus have the chance to end up in O-lepton channel instead of 1-lepton channel. Thus, for events
that have hadronic tau reconstructed, they are moved from O-lepton channel to 1-lepton channel.
An additional cut on the transverse mass of reconstructed W boson, asking m)¥ > 10 GeV ! is

applied to these events to mitigate the contamination of fake tau.

1-lepton channel The vector boson (W boson) in 1-lepton channel is expected to decay to one
lepton and one neutrino. The transverse momentum of W boson (p‘TV ) is thus represented by
the sum of lepton pr and E%liss. The pY is required to be larger than 75 GeV, for a good trigger
efficiency and suppress the multijet background. In the electron channel, EfiS needs to be larger
than 30 GeV to further mitigate multijet background. And for the region of 75 < p¥ < 150GeV,
the similar cut asking m}' > 20 GeV is applied to reduce the fake leptons.

One possible background in the 1-lepton channel is 7, with both top quarks decay to W
bosons and b-quarks. One W boson decay to hadronic T and neutrino. Another W boson decay
to e or mu. These events have same signatures as signal process. Thus, a hadronic tau veto is
applied in both resolved and boosted regimes to suppress these background.

As mentioned above, the events in muon channel at p¥ > 150 GeV region is triggered by

EMSS trigger. So the same Sy cut is applied for these events.

2-lepton channel The vector boson (Z boson) in 2-lepton channel is expected to decay to a
pair of leptons, which means the Z boson can be fully reconstructed from the two VH-loose
leptons. The two leptons are required to have same flavor, and at least one of the leptons need
to satisfy the ZH-signal requirements listed in Table 4-2 and 4-3. For the di-muon events, the
muon are required to have opposite charge. Itis not applied to di-electron events since the higher
charge mis-identification rate. The invariant mass of di-lepton system needs to be consistent

with Z mass: 81 < m(ee/pp) < 101 GeV in resolved regimes and 66 < m(ee/pp) < 116 GeV

1 m) is defined as ‘/Zp’TE'T""““(l —cos(A (I, EFiss)))

78



4.4 Event Selection

in boosted regime. Similarly, the p¥ is required to be larger than 75 GeV to have a good trigger

efficiency.

4.4.4 Higgs Candidate Selection

The Higgs candidate is reconstructed from the jets in the events, using two jets in the resolved
regime and one large-R jets in the boosted regime. However, in some case there will be addi-
tional jets, which could be coming from the radiation of final state particles (FSR), radiation
from initial state (ISR), or some other sources. In order to select the two jets that coming from
Higgs, and avoid overlap between VH (- bb) and VH(~ cc), the following Higgs candidate

selection criteria are used.

Resolved Regime

Utilizing the PCFT introduced in Section 4.3.1, the jets are classified into four tags: b-tagged
(B) jets, Tight-c tagged (Cry) jets, Loose-c tagged (Cy,) jets and Not-tagged (N) jets. In order to
avoid the overlap between VH (— bb) and VH (- c¢¢) regime, only events without any b-tagged
jet enter the VH (- c¢) regime and events with exactly two b-jets enter VH (- bb) regime.
Additional requirement of no Cy jets in VH (- bb) 0O-lepton and 1-lepton channel is used for
suppression of Top background. For events with either b-jets and Cy jets will be selected into
a specific Top control regions, the details will be discussed later.

After the events selection, the second step is to select the two jets used for the reconstruction
of Higgs (H_ g jets), using the “AllSignallets” strategy. This strategy consider all the signal
jets in the events instead of only considering the leading two jets with highest py. For the
VH (- bb) regime, since the tagging requirement only allows exactly two b-jets, these two
jets will be selected as H,,,q jets. For the VH (- c¢c¢) regime, the jets are firstly prioritized by
the tagging: Ct > C;, > N. If two or more jets have the same tagging information, they are
prioritized by the p, the larger pt ones will have higher priority. After the ranking, the two jets
with the highest priority will be selected as H.,,4 jets. For the SRs and High AR CRs, the event
is required to have at least one H,,4 jets to be Cy tagged, otherwise it will be used as V + light

CRs with some additional requirements. The details will be discussed in Section 4.5.
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For the events with either B-jets and Ct-jets, they will form the CRs for the control of Top
background (TopBC CRs) in the O-lepton and 1-lepton, which is harmonized between resolved
VH (- bb) and VH (- c¢). If there are several jets are B-tagged (Cy -tagged), they are sorted
by descending pr. The B-jet and Cr-jet will be used for the reconstruction of H, 4.

After deciding the H .4 jets, the two H_,,4 jets will be re-ranked based on the p, the one
with higher p will be the leading H,,4 jet. Same pt ranking will be applied to the non-H_,, 4
jets. The leading H,,4 jet is required to have pr > 45 GeV. Due to the known issue of mis-
modelling of gluon splitting in V+jets at low Higgs invariant mass region, the invariant mass

of Higgs is required to be larger than 50 GeV (my, > 50 GeV). An upper cut on the

and Jets
AR of the two H,,4 jets at AR = s is used to avoid the mismodelling issue of V+jets process

observed at high AR regions.

Boosted Regime

The H_,,q in boosted regime is reconstructed from the large-R jets. For events with several
large-R jets, the one with highest p is selected, and it needs to have at least two ghost-matched
track-jets. For the track-jets inside the large-R jets, the three track jets with highest pr are
considered for tagging, and it is required to have at least two of them b-tagged. This strategy
is therefore referred to the ”Leading3SignalJets” strategy. Similar to the resolved regime, the

invariant mass of Higgs candidate is required to be larger than 50 GeV.

4.4.5 Multi-jet Suppression Cut

The multi-jet (QCD) background is one of the main background at O-lepton and 1-lepton chan-
nel, and it is hard to estimate with MC generator. In order to suppress the multi-jet background,

the following cuts (Also referred as Anti-QCD cuts) are applied.

O-lepton

* |A®(j;,/»)| < 140° for the resolved regimes. Here the @ is the azimuthal angle and j;, j,
are the H .4 jets

o |ADEMSS, Heyg)l > 120°
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e min[|A®P (E%liss, pre.seljets)|] for the resolved region, > 20° in 2-jets region and > 30° in

3-jets regions. For the boosted region, it needs to be larger than 30°

In the min[|A® (E‘Tniss, pre.seljets)|] calculation, only the leading three signal jets are considered
for the pre.seljets, when no third signal jets are available, a forward jet will be considered. The
cut thresholds are defined to result in that the remaining fraction of multi-jet contamination of

the total background is at the order of one percent.

1-lepton

. E%‘iss > 30 GeV in electron channel for resolved regime and > 50 GeV for boosted regime.
The muon channel has the S, cut mentioned above that have similar effect.

« m¥ > 20 GeV when the p¥ is low (75 < p¥ < 150 GeV).

All the selection criteria are summarized in Table 4-7 and 4-8
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Analysis regime

resolved VH (- bb) | VH (> c0)

Common Selections

Jets

> 2 signal jets

Candidate jets tagging 2 B-tags ‘ > 1 Cy-tags @
Leading Higgs candidate jet p > 45 GeV
Sub-leading Higgs candidate jet p > 20 GeV
My, OF M. > 50 GeV (before correction)
AR(jetl, jet2) AR < g1
0 Lepton
Trigger EMss triggers
Jets < 4 jets < 3 jets
Additional jets tagging no Cy-tag no B-tag?
Leptons 0 VH-loose lepton
Emiss > 150 GeV
St > 120 (2 jets), >150 GeV (3p jets)
my > 10 GeV (for events with at least one hadronic 1)
IminA ¢ (ERs, jet)| > 20° (2 jets), > 30°(3 jets)
A (ERSs, H)| > 120°
[A¢(jetl, jet2)] < 140°
1 Lepton

Trigger

Jets
Additional jets tagging
hadronic T-veto

e channel: single electron trigger
u channel: single muon trigger (p¥ < 150 GeV)
and ETs triggers (above)
< 3 jets
no B-tag®
no hadronic t

no Cy-tag ‘

Leptons 1 WH-signal lepton
> 1 VH-loose lepton veto

Emiss > 30 GeV (e channel)

24 > 75 GeV

Sr > 120 (2 jets), >150 GeV (3 jets) (p channel with EX trigger)

my > 20 GeV (75 < p¥ < 150 GeV only)

2 Lepton

Trigger e channel: single electron trigger

Additional jets tagging
Leptons

my
Pr

u channel: single muon trigger (p¥. < 250 GeV)
and ETs triggers (above)
- ‘ no B-tag

2 VH-loose leptons

> 1 ZH-signal lepton

Same flavour®, opposite-charge for y
81 < my < 101 GeV
> 75 GeV

Table 4-7: Event selection in the resolved regime.

a Except for V + lights CRs, where exactly one C;, jet and no Cy jet is required.

b Except for Top BT CR, where the > 1 B-tag jets is required

¢ Except for Top e CR, where different flavor is required
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Selection 0 lepton channel 1 Iepton channel 2 lepton channel

e sub-channel ‘ 4t sub-channel | e sub-channel ‘ 4t sub-channel
Trigger Emiss Single electron ‘ Emiss Single electron ‘ Emiss
Leptons 0 VH-loose lepton 1 WH-signal lepton > 1 ZH-signal lepton

no second VH-/oose lepton 2 VH-loose leptons
no hadronic T

Egis > 250 GeV > 50GeV | - -
224 pY > 400 GeV
Large-R jet at least one large-R jet, pr > 250 GeV, || < 2
Track-Jets at least two track-jets, pr > 10 GeV, |5| < 2.5, matched to the leading large-R jet
b-jets exactly two of the leading three track-jets matched to the leading large-R must be b-tagged
my > 50 GeV
min A ¢ (EMS, jets) > 30° -
AP(ER™ Heon) > 120° !
m - 66 GeV < my, < 116 GeV
lepton flavor - two lepton same flavour
lepton charge - opposite sign muons

Table 4-8: Event Selection for the three channels of the boosted VH (— bb) analysis.
4.5 Event Categorization

In order to maximize the sensitivity of the signal and have a better control of backgrounds,
the events are further categorized into different regions. The Signal Regions (SR), which is
populated with signal events, are mainly used for the measurements of signal process. The
Control Regions (CR) that is populated with background events are mostly used for the control

of background process. In this study, the following categorization strategies are used.

4.5.1 Resolved VH (- bb, c¢)

The events in the resolved regime are split by number of selected jets and pY., regardless in signal
regions or control regions. The number of jets counts the total number of signal jets and forward
jets of the event. The events containing two jets comprise the 2-jets category, three (four) jets
the 3- (4-)jets category, three (four) or more jets 3p- (4p-) jets category. In VH (- ¢¢), O-lepton
and 1-lepton channels contain 2-and 3-jets category and reject events with four or more jets due
to the high ¢7 background contamination, while 2-lepton channel include 2-and 3p-category.
In the resolved VH (- bb) regime, O-lepton includes the 2-, 3-and 4-jets categories, 1-lepton

includes the 2-and 3-jets category and 2-lepton includes 2-, 3-and 4p-jets categories. The 4 and
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4p-jets regions are included in O-lepton and 2-lepton to improve the sensitivity in the STXS bins
with additional jets. For the 1-lepton channel, the 4p-jets regions overlap the region used for
the c-jets calibration of PCFT and has very limited sensitivity due to the large ¢f background,
therefore it is not used for the analysis.

As mentioned in Section 4.4.2, the signal jets used in the analysis is required to have py larger
than 20 GeV. However, some jets are not originated from the hard process, but come from soft
emission like FSR, especially for the jets that have relative low py. These jets will result in the
migration of between STXS bins. In order to mitigate the migration, the pt threshold of the
signal jets except the two H_,,4 jets are raised to 30 GeV. This raised p cut only applies to the
calculation of number of jets, the jets with pt within 20 to 30 GeV are still used for the various
correction of the H,,q mass.

For the p¥ split, as already discussed, the resolved and boosted VH (- bb) is split by a cut at
pY¥ =400 GeV. In the resolved VH (- bb) regime, the O-lepton is split to 150 < p¥ < 250 GeV
and 250 < p¥ < 400 GeV regions. The 1-lepton and 2-lepton are split to 75 < p¥ < 150 GeV,
150 < p¥ < 250 GeV and 250 < pY < 400 GeV. For the VH (- c¢), the p¥ split is similar,
with the only difference that the upper threshold at 400GeV is removed. The highest p¥ bin in
VH (- c¢) is p¥ > 250 GeV.

Signal Regions Categorization

The resolved VH (- bb) signal regions require exact two B-jets, no further split are used. The
VH(— cc) signal regions, it is further split to two categories, according to the number of
c-tagged jets in the two H_,,4 jets: 2 c-tagged regions, which contains events with two Cp-jets
(Crt Cy events) or one Cr-jet and one Cy -jet (Ct Cy, events); 1 c-tagged regions, which com-
prises events with one Cy-jet and one N-jet (Ct N events). The signal region events also need

to fail the following AR cuts that define the AR control regions discussed below.

Control Regions Categorization

Since the MC modelling is not perfect, there will be some discrepancy between the MC and the

real data for the background process. The control regions (CRs) are then defined and used for a
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better control of the background process. The control regions are usually dominant by the kind
of background that needs to be modelled and have almost no signal. All CRs are constructed

after the event selection described in Section 4.4.

High AR CRs The High AR CRs are designed to control the V + light and tf process. The
cut is applied on the AR between the H.,,q jets and is dependent on the pY.. Larger py indicates
a larger Lorentz boost of the Higgs decay products and thus smaller AR of the two jets for the
signal process. In the meantime, the jets coming from the V + light and ¢t process do not have
such kinematic relationship. The distributions of signal fraction over the total MC events are
shown in Figure 4-10. The cut is defined such that a certain percentage of signal events ends up
in the regions below the cuts (95% for the 2-jets category, 85% for 3 or more jets category). The
numerical function of the cuts are listed in Table 4-9. The High AR CRs in 0-lepton and 1-lepton
channel are enriched with Top(bb) process. They are usually fit in a norm-only distribution only
with one exception. The High AR CRs in VH (- bb) 1-lepton channel are fitted in binned pY

distribution to mitigate the mismodelling of ¢f sample.

AR(b,b)

High AR CR & High AR CR

Vs =13 TeV, 140 fb Vs =13 TeV, 140 fb
1-lepton, 2 jets, BB-tag . \ 1-lepton, 3 jets, BB-tag
WH - Ivbb WH - Ivbb

400 450 500
p; [GeV] Py [GeV]

Vs =13 TeV, 140 fb
25 1-lepton, >4 jets, BB-tag
WH - Ivbb

Py [GeV]
Figure 4-10: Signal distribution of AR between the two selected jets as function of pY¥. in the
VH (- bb) 1-lepton channel are shown in the 2-tag 2-jet (a), 2-tag 3-jet (b) and 2-tag 4p-jet
(c) categories. The solid and dashed lines demonstrate the upper and lower continuous cuts
used to categorize the events into the signal and control regions.
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Category Cut
2 —jet AR > 0.787 + ¢!-387-0-007p7
3 - jet AR > 0.684 + ¢!:204-0.006xp7

4 — jet AR > 0.8627 + ¢0-9837-0.004077xp}
S5p —jet AR > 1.667 + ¢°-5189-0.005038xp}.

Table 4-9: Cuts defining the high AR control region. Events in this region are removed from
the signal region.

Low AR CRs The low AR CRs are only used in the VH (- bb) 1-lepton channel. This region
is designed to help control the W + hf process. The cut is defined such that 90% of diboson
signals can stay in the signal regions. The numerical cuts are shown in Table 4-10. In the O-
lepton and 2-lepton, the impact of this region is found to be small and thus merged with the

signal regions.

Category Cut
2 — jet AR < 0.4]1 + ¢0-818-0.01056xp7
3 —jet AR < 0.43 + ¢0-399-0.0093 1xpY

4—jet | AR <0.4106 + ¢!-204-0-00007
5p —jet | AR < 0.5009 + ¢!-192-0.00753xpy

Table 4-10: Cuts defining the low AR control region which is used in VH (- bb) 1-lepton
category. Events in this region are removed from the signal region, such that the two regions
are fully orthogonal.

Top CRs In O-lepton and 1-lepton channels, besides from the Top(bb) component that is con-
trolled by the High AR CRs, the Top(bc) and Top(bl) component are controlled by the TopBC
CRs. The TopBC CRs are selected to have at least one B -jet and at least one Cy -jet. Given the
tagging requirement, the TopCR are completely orthogonal with the SRs and other CRs. The
TopCRs are shared between the VH (— bb) and VH (- ¢?) regime.

In the 2-lepton channel, the 7 background is mainly coming from di-leptonic ¢z events. The
TopCR can be selected by requiring a different lepton flavor (one is electron and another one is
muon). This requirement will eliminate most of the signal and Z + jets process. The Top eu
CRs in the VH (= bb) 2-lepton channel are not used as separate regions in the fit but used to
derive the #f template for the SRs. This data-driven method is not used in the VH (- ¢¢) due

to the low statistics and ¢7 is a tiny background in VH (- ¢¢). As a result, the Top ey CRs are
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used as separate CRs in VH (- cc¢) 2-lepton channel, being comprised with events with at least

one Cr -jet and merged into one category. The pY¥ and jet multiplicity split is same as the SRs.

Ci, N CRs The C;, N CRs consist of events with one of the H,,4 jets being a Cy -jet and
one being the N-jet (Cy, N events). By this tagging requirement, the C;, N CRs are enriched
with V + mf and V + [f events and can be used to control the normalization and shape of these
backgrounds. It is considered for all three lepton channels. For 1-lepton channel, it is composed
of 60% of W + If component. For 2-lepton channel, it has more than 70% of Z + [f component.

Table 4-11 summarizes the event categorization in the resolved VH (- bb) and VH (- ¢¢)

regimes and Figure 4-11 shows an overview of the regions used in the analysis.

Analysis regime ‘ resolved VH (- bb) ‘ VH(- cc)
Common Selections
nJet categorisation Non Higgs candidate jet p; > 30 GeV
High AR(jetl, jet2) CR | Continuous AR — p¥ cut (with cut values depending on p¥) separating SR/High AR CR, defined as Table 4-9

0 Lepton

py- regions [150, 250], [250, 400] GeV ‘ [150, 250], >250 GeV

Top(BC) CR > 1 B-Tag, > 1 Cy-Tag
1 Lepton

pY. regions [75,150], [150, 250], [250, 400] GeV [75,150], [150, 250], >250 GeV
Low AR(jetl, jet2) CR | Continuous AR cut (with cut values depending on p¥) -
separating SR/Low AR CR, defined as Table 4-10

Top(BC) CR > 1B-Tag, > 1 C;-Tag
V + lights CR - ‘ no B- and Cy-Tag, exactly 1 L-tag
2 Lepton
pY regions [75,150], [150, 250], [250, 400] GeV ‘ [75,150], [150, 250], >250 GeV
Top e CR Different flavor leptons (ey or pe)
V + lights CR - ‘ no B- and C;-Tag, exactly 1 L-tag

Table 4-11: Summary of the event categorization in the resolved VH (- bb) and VH (- c¢¢)
0-, 1- and 2-lepton analyses.

4.5.2 Boosted VH (- bb)

The events in the boosted regime are categorized into two pY. regions, 400 < p¥ < 600 GeV

and p¥ > 600 GeV.

Signal Regions

To reject the top background, the events in signal regions are required to have no additional

b-tagged track jet outside the H,,4 jet. Previously, the O-lepton and 1-lepton channel SRs are
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4.5 Event Categorization

further split into high purity (HP) and low purity (LP) regions depending on the small-R jets
outside the H,,4 jet. Since this variable is already used in the MVA and the split will bring

large acceptance uncertainties, it is not split anymore in this analysis.

Control Regions

The 7 process is the main background in O-lepton and 1-lepton channel. As shown in Figure 4-
12, the decay product of hadronic decay top quark can be reconstructed as a large-R jet and one
stand alone b-jet present outside the large-R jet. The Top CR is thus defined requiring at least

one b-tagged track jet outside the H_,,4 jet.

Higgs \
candidate

Figure 4-12: tf event in which the decay products of one top quark, with a hadronic-decay W,
are reconstructed in a large-R jet (left) and an additional b-tagged track-jet is produced in the
other top-quark decay.

The signal regions and control regions are also summarized in Figure 4-11. Figure 4-13

shows the background composition in some selected SRs and CRs.
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4.5 Event Categorization

4.5.3 Truth Tagging

The event categorization of tagging regions is heavily based on the flavor tagging results of the
H_,.q jets. And there are several strategies to decide which tagging region that the event are
categorized into. The most commonly used tagging strategy is named Direct Tagging. It is a
cut-based method, when the jet’s flavor tagging score pass the WP cut of the PCFT bin, it will
be labelled as the tagged jet of the PCFT bin. In this analysis, the c-tagging has limited tagging
efficiency, making a lot of c-jets ends up in the N bin. However, the event selection criteria
require at least one c-tagged jet, which means that a lot of MC events will be discarded. This
will result in the problem that do not have an adequate number of MC events in some phase
space, leading to a large MC statistical uncertainty.

In order to solve the problem, different tagging strategies are used, Truth Tagging and its
extension Hybrid Tagging. The details will be discussed in the following.

The alternative tagging strategy is named Truth Tagging. It uses all the MC events, and
weigh them based on the probability of each event being selected into the required tagging

region, using the tagging information of the jets. The weight is calculated with the equation:

C

w=> €e(T;x,0) €(F.x,0) (4-2)
where,
e(T.x,0) = [] ¢;(xI0) (4-3)
JET;
€(Tnx.0) =[] (1-¢;x10)) (4-4)
JET;

where ¢;(x|0) is the tagging efficiency of jet j parameterized with a set of variables 6. The
set of tagged jets is labelled as T, while the set of not-tagged jets is labelled as 7.

One of the key process in Truth Tagging is the calculation of ¢;(x|¢). The traditional and
straightforward way of doing this is the map based approach. It parameterizes the tagging
efficiency in a 2D histogram, with the two most dominant parameters contributing to the trigger
efficiency: jet pt and the pseudo-rapidity of the jet (7). The 2D histogram is referred as an
efficiency map. Due to the different jet topologies, the efficiency maps need to be derived for b-,

c-, light- and 7- jets separately. This approach is used in the previous VH (- bb) and VH (= c¢)
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analysis, which improves the MC statistics in the analysis regions. However, it is found that
there is some non-closure between the direct tagging and map-based truth tagging, and thus
additional uncertainties are introduced to fix it. It is understandable since the tagging efficiency
is not solely depend on the two parameters, pt and 7. But creating a multi-dimensional map is
not possible due to the limitation of statistics, the events in each dimension will not be adequate
to get the correct efficiency map.

Neural networks in the other hand are perfect tools to handle the high dimensionality prob-
lems. The Graph Neural Network (GNN) is used in this analysis. GNN can take in information
between nodes and be flexible in the number of input nodes. The input to the network is a fully
connected graph, with each node in the graph represented by a jet. The node features are the
parameters of the jets and events. The details of the network can be found in Refl!23],

Different GNN models are trained independently for samples with different MC generators.
For the resolved regime, the models are trained exclusively for different background process.

Table 4-12 lists all the GNN models trained in the analysis.

Resolved regime model | Boosted regime model
tt pythia tf
single-top pythia single-top pythia
signal pythia signal
SHERPA 2.2.11 W+jets SHERPA 2.2.11 V+jets
SHERPA 2.2.11 Z+jets SHERPA 2.2.11
SHERPA 2.2.11 di-boson | SHErPA 2.2.11 di-boson

Table 4-12: The different GNN models used for truth tagging nominal samples. The models
are trained inclusively in all 3 lepton channels.

Performance of Truth Tagging

In the region with adequate statistics, if the efficiency map is accurate, the distribution of truth
tagging should be consistent with the distribution of direct tagging. Hence, the performance
of truth tagging is evaluated based on this comparison. Figure 4-14 shows some examples of
the comparison between direct tagging, map-based truth tagging and GNN truth tagging for the
V+jets process in VH (— cc¢) SRs.

The GNN truth tagged distributions have shapes very close to the direct tagged distributions.

For the regions that have limited MC events for direct tagging, the GNN truth tagged distribution
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Figure 4-14: The direct tagged, GNN truth tagged and map-based truth tagged mva distri-
butions for SHERPA 2.2.11 V+jets in the VH (= c¢¢) 1-lepton and 2-lepton channel. The
first row shows the plots from 150 < p}/ < 250 GeV region, and the second row shows
250 < p¥ < 400 GeV region.
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has a more smooth shape. Other models described in Table 4-12 give a similar performance, in

both VH (= bb) and VH (- c¢) regimes.

Partial Truth Tagging

In the VH(— c¢c) regime, the Ct Cy suffers from not having enough MC events due to the
low efficiency of tagging. The truth tagging is thus applied to this region to help solve the
issue. However, if it is decided to truth tag the Ct Cy region, all the events, no matter what
direct tagged regions they will fall into, will be used to fill in this region with the calculated
weight. As aresult, it is possible that one event entered truth tagged region and the direct tagged
region at the same time if Ct Cy region is truth tagged and other regions (e.g. Ct N and Cy
C,, regions) are direct tagged. To avoid the overlap that would bring difficulty of systematic
treatment, the partial truth tagging that truth tag a specific percent of samples and let the rest of
samples being direct tagged. Several numbers of percentage are tested, and relation between the
MC statistic errors of several tagging categories and this percentage are shown in Figure 4-15.
It is decided to use 8% of all the samples for truth tagging since it can significantly improve the
MC Statistics in the two tight-c tagged region (labelled as TT in the figure), which are the most
sensitive ones in the VH (— c¢¢) analysis and do not cause large degradation of the MC statistics

in other regions.

Hybrid Tagging

Though the GNN Truth Tagging provide a much better performance than the map-based truth
tagging, there will still have some potential non-closure, which can be caused by the missing
of some variables that impact the tagging efficiencies or the performance of GNN being not
perfect. Since the direct tagging efficiency for the b-jet is 70%, the benefits from truth tagging
inresolved VH (— bb) regime is limited. To avoid the potential non-closure, the Hybrid Tagging
is used for some background MC samples (V+jets and single-top s-channel and #-channel) that
do not have good performance with truth tagging, which direct tag the b-jet and truth tag the
other flavors. This method is also used in previous VH (- bb) analysis, where the truth tagging

is done with the map-based approach. In this analysis, the GNN truth tagging method is used.
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The trend of stat. in VHcc OL tag regions - TxT strategy
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Figure 4-15: The MC Statistic uncertainties of different tagged regions with the varying per-
centage of events used for 2 tight-c tagged (labelled as TT) regions in VH (- cc).

Truth Tagging Strategy

Considering the size of the MC samples, tagging efficiencies, analysis regions and the per-
formance of the closure for GNN truth tagging, the following tagging strategy is used in the

analysis:

* Resolved VH (- bb) regime: The GNN based hybrid tagging is applied to V+jets and
single-top s/t channels. The remaining samples are direct tagged since they have enough
MC events.

* Boosted VH (- bb) regime: Due to the low MC statistics, the GNN truth tagging is used
for all samples except for signal and diboson. The signal and diboson samples are direct
tagged to avoid any potential non-closure.

* VH(— cc) regime: The partial truth tagging is applied to V+jets and singlet-top s/¢
channels. 8% of these MC samples are used for truth tagged into the Ct Cy regions. The
remaining 92% of events are direct tagged. The other samples, #7, single-top Wt channel,

diboson and signal, are direct tagged.

The strategy is summarized in Table 4-13. No significant non-closure between the direct tagging

strategy and other tagging strategy is found in all distributions.

95



Chapter 4 Simultaneous Measurements of Higgs to charm and to bottom Yukawa Coupling

VHbb resolved VHbb boosted VHcce
Hybrid tagging Yes (b-jets are DT°d) | No (fully TT°d) | No (fully TT’d)
Truth tag WP 70% b & 70% b 85% b & 85% b | c-tight & c-tight
MC stat. % for TT regions 100% 100% 8%

V+jets hybrid tagged truth tagged truth tagged

single-top s/t hybrid tagged truth tagged truth tagged

single-top Wt direct tagged truth tagged direct tagged

tt direct tagged truth tagged direct tagged

diboson direct tagged truth tagged direct tagged

signal direct tagged direct tagged direct tagged

Table 4-13: The different strategies used for truth tagging. The abbreviations DT and TT used
above stand for direct tag and truth tag respectively. WP stands for working point.

4.6 Higgs Candidate Jet Corrections

The invariant mass of H,,q is one of the key variables that can distinguish signal from the
background, with signal has the H_,,,4 mass around 125 GeV, while the background does not. It
is reconstructed from the invariant mass of two H_, 4 jets, so improving the energy of the H,,4
jets is crucial to the analysis. In total of four kinds of corrections are applied: muon-in-jet,
PtReco, Kinematic Fit and FSR recovery. For the signal jets used in these corrections, the p is
required to be larger than 20 GeV. Table 4-14 shows the corrections used in different regions,

the details of each correction are shown in the following.

PtReco
v
v
v (nJet > 4)

Scheme lepton channel kinematic fit
O-lepton
1-lepton
2-lepton
O-lepton
1-lepton
2-lepton
O-lepton
1-lepton
2-lepton

muon-in-jet FSR recovery

Resolved VH (= bb)

vV (nJet<3) Vv (nJet<4)

VH (- cc)

v (nJet<3) Vv (nJet<4)

boosted VH (- bb)

NENEN ENE S NENENEN

v

Table 4-14: H_,,q energy correction used in different analysis regions. The number of jets
here count the signal jets with pt larger than 20 GeV and forward jets with py larger than 40
GeV.
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4.6.1 Muon-in-jet Correction

The decay of b/c quarks will sometimes produce muon, which will leave a track in the MS
and reconstructed as a separate muon. Since the muon will not leave much energy deposit in
the calorimeter, the measured energy of the quarks will be smaller. Muon-in-jet correction is
used to recover this kind of muon. If a muon is found to be in the cone of the reconstructed jet,
AR(jet, 1) < min(0.4,0.04 + 10[GeV]/p¥), the muon will be added into the jet. It’s energy
deposit in the calorimeter will be subtracted to avoid double counting of the energy. In the
boosted regime, the tagged track jet inside the H,,4 large-R jet is used to compute the AR
between the jet and muon. If the muon is found to be inside one of the track jets, it will be
added into the large-R jet. In case several muons are found inside the jet, only the one closest
to the jet will be added. The muon added into the jet will no longer be considered as a lepton
in the event, i.e. will not be counted for the number of leptons. The muon-in-jet correction is
applied to all the events as it is a common feature for both b- and c- jet decay. The correction

is sometimes also called ”OneMu” correction.

4.6.2 PtReco Correction

The b-jets have unique features such as secondary vertex, which can cause the out-of-cone effect,
i.e. some energies are not included in the jet cone, especially for the b-jet with lower energy. In
the VH (= bb) regime, a pp dependent correction, PtReco, is applied to all the b-jet to recover
the energy out of the cone. The correction factor is derived using the jets after muon-in-jet
correction (OneMu) and the truth jets which include truth muon and neutrinos (TruthWZ). The
pt of the jets is divided into several slices, the mean value of the ratio between OneMu pr
and TruthWZ p distribution is used as the correction factor. The b-jet with muon and without
muon are considered separately since the semi-leptonic decay will produce neutrinos together
with muon. The correction factor is derived from nominal sample and applied to all systematic
variations.

The c-jet has a similar structure, but since the lifetime of c-quark is much shorter, the out-
of-cone effect is much smaller. As a result, the correction is not applied to the VH (- c¢c¢)

regime.
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4.6.3 Kinematic Fit

The kinematic fit (KF) is applied to the resolved VH (- bb, c¢) 2-lepton channels. In the 2-
lepton channel, the Z boson decay to two leptons, and leptons are very well measured in ATLAS.
The typical resolution of electron and muon pr is in the level of 1% while the resolution for
jetis 10% level. As a result, by using the balance of energy at transverse plane, the resolution
of jets can be improved with the help from the leptons. This can be achieved by maximizing
an event-level likelihood built from the signal topology. The likelihood function is defined as
following:

i phfit S n "
_zlnfg:ZM_Zzlng(ﬂT’ ity 4 (anpx) . (anp),) £ 20n[(md - m2) + m2T2] -5
7 o; 7

i T bal Obal

The first term is the resolution term for the final state objects, including electron, muon,
jets excluding the b/c-tagged jets and ETTniSS soft term. The energy response of these terms are
treated as Gaussian distribution. The E‘TniSS soft term is included to take account of the ISR in
ggZH. The ISR will usually produce a soft jet which leave track in the ID but almost no energy
deposit in the calorimeter and thus not reconstructed as an object. As mentioned in Section
3.3.7, the resolution of soft ETTniSS is estimated to be 10 GeV. The resolutions of other terms are
set to the recommendation of ATLAS.

The second term is the resolution term of the b/c-tagged jets. Instead of using the Gaus-
sian distribution, a transfer function is derived. The transfer function is a probability density
function of the ratio between the reconstructed jet pr after the OneMu correction and the truth
jet pr including the muon and neutrinos (TruthWZ). The definition is same as the correction
factor used in PtReco Correction, but instead of using a fixed factor, the transfer function here
consider the probability distribution. As a result, the events that have kinematic fit should not
be corrected again using PtReco. The details of deriving the transfer function will be discussed
later. It is only available for the small-R jets. For the large-R jets, it is treated as a Gaussian
distribution.

The third and fourth terms are the pr balance constraint term at the x and y direction. They
are also treated as Gaussian distribution. The resolution is estimated from the signal MC events,

12 GeV for the 2-jets events and 15 GeV for the 3-jets events. The fifth term is the Z mass
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constraint term. It is expected to follow the Breit-Wigner distribution.

The Kinematic Fit is applied to the 2-jets and 3-jets events in VH (= bb) and VH (= ¢¢)
2-lepton channels. The events with four or more jets are found to have no improvement with
Kinematic Fit and thus the PtReco correction is applied (only in resolved VH (= bb)). For other
lepton channels, as the resolution of E%liss is not as good as leptons, they can hardly benefit from

the Kinematic Fit and thus the correction is not applied.

Transfer function Derivation

The derivation of transfer function is separated for b-jets and c-jets due to the different topology
and detector response for the two kind of jets. For b-jet, the ZH — [Ibb samples are used, where
the b-jet are the PFlow jet with 70% DLI1r b-tagging WP. The transfer function is further divided
to different p bins: [20,30], [30,40], [40,50], [50,60], [60,70], [70,80], [80,100], >100 GeV, n
larger or smaller than 1.2 and with or without muon. The transfer function of b-jets is inherited
from the previous analysis since the tagging WP is identical with the previous analysis.

For the c-jet, the kinematic fit is not used in the previous VH (— c¢¢) analysis due to the
known issue that it brings mismodelling of the background distribution. In this analysis, the
jet collection is updated from EMTopo to PFlow, the new PCFT tagger is used, and the MVA
distribution is used as the fit discriminant, the kinematic fit for the VH (- cc) is introduced. The
derivation of c-jet transfer function is similar to the b-jet. However, there are several tagging
bins are considered in VH (= cc), including Ct, Cy, and N. It is found that the Ct, Cy, and N
jets have similar transfer function. Given the low statistics of Ct and Cy, jets due to the low
tagging efficiency, they are combined with N for the derivation of transfer function. For the
derivation of transfer function, the H,,4 jets of the Cy Ct +Ct Cy, +Ct N 2 and 3 jets events
are used. The pr > 45 GeV cut on the leading H,, 4 jet is removed to get more events for the
fit.

After selecting the jets, the ratio between the reconstructed pr after OneMu correction and
the truth jet py is filled into the histogram. The bin size of the histogram is 0.1. Then a Bukin
(NovosibirskA) function, which is a Gaussian-like asymmetry distribution with two sides of
tails adjustable, is used to fit the histogram and get the transfer function. Figure 4-16 shows the

distribution and the postfit transfer function in different split of pt < 30 GeV jets, the results
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Chapter 4 Simultaneous Measurements of Higgs to charm and to bottom Yukawa Coupling

of jets in other pt bins are shown in the Appendix 6. It can be found that the jets with muon
has the ratio smaller than one, which is due to the energy loss of neutrino that produce together

with the muon.

With mu, pt(OneMu)/pT(Truthwz) 0.2

With mu, pt(OneMu)/pT(Truthwz)

0.2

- -~ With mu, Postit Bukin Function 0.18 -~ With mu, Postit Bukin Function

0.18

Without mu, pt(OneMu)/pT(TruthWz) 0.16 Without mu, pt(OneMu)/pT(Truthwz)
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Figure 4-16: The distribution of pp(OneMu) /pt(TruthWZ) (solid) and fitted transfer func-
tion (dashed) of Cr, Cy, and N pp < 30 GeV jets in VH (- cc) 2-lepton 243 jets events. Blue
indicates the jets has a muon in its decay and orange indicates the jets without the muon. The
jets are required to have n < 1.2 (left) or > 1.2 (right).

In this analysis, the kinematic fit is found to have very small impact on the background and
significantly improve the signal H,,4 invariant mass resolution. The distribution after all the

corrections can be found in Appendix 6.

4.6.4 FSR Recovery

In the event with three or more jets, the non-Higgs candidate jets have the possibility of coming

from:

* Gluon radiation from the H,,4 jets, known as the Final State Radiation (FSR).
* Gluon or quark radiation from initial incoming partons, known as Initial State Radiation
(ISR).

e Other radiation from pile-up

Figure 4-17 shows an example event with one FSR jet and one ISR jet.

FSR will cause a loss of the invariant mass of reconstructed Higgs, since the Higgs is re-
constructed from the two tagged jets. As a result, in the case of events that have FSR jet, the
invariant mass of two H,,q jets and the FSR jet (my,;/m,;) should be the Higgs invariant

mass.
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SR Jet W
F °
\

Figure 4-17: Illustration of an VH (- bb) event with one FSR jet and one ISR jet.

The FSR correction aims to identify the FSR jets against the ISR jets and pile up jets, add
the FSR jets to the H,,q jets that originate the FSR jets. By doing this, the invariant mass
of the Higgs system is corrected, and the resolution can be improved. Additionally, the STXS
bins are categorized based on the number of additional ISR jets. By removing the FSR jets, the
correlation between truth and reconstructed categorization of STXS can be improved.

The identification of FSR jet is done by a cut function:
AR jety j + ARH yjer, j < 0495 +3.520 - g™>360e =3t (4-6)

The dRy_ jer, j(ARH, jer, ;) Stand for the dR between the leading (subleading) H,,q jet and
the jet. The cut function is defined to optimize the signal significance in the m,,;, distribution.
The FSR recovery improves the signal invariant mass resolution and peak, hence improve
the performance of signal significance in the MVA discriminant, especially in the resolved 2-
lepton channel. However, in the 1-lepton channel, the FSR recovery will result in large migra-
tion of #7 background into the signal sensitive region (my__ near 125 GeV). As a result, the
FSR recovery is only applied in the VH (= bb) and VH (- ¢¢) 2-lepton channels. In addition,
for the events with five or more jets, there is difficulty of the implementation and almost no
improvement is expected, thus the FSR is only used in 3-and 4-jets events. Note that here the

number of jets count the ones with p larger than 20 GeV.

4.6.5 Corrections Application

For these kinds of jet corrections, as some of them will change the number of objects in the

events and also the jet pt, they need to be harmonized in the order of application.
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The muon-in-jet is applied first, to all the events. The events after muon-in-jet correction
will then be categorized for different corrections. For resolved VH (- bb) 0-lepton and 1-
lepton events, together with the 2-lepton events having more than 4 jets, PtReco correction will
be applied. For resolved 2-lepton events with less than 4 jets, the kinematic fit will be applied,
using the jet 4-vector after the OneMu correction. After the PtReco and kinematic fit correction,
the 2-lepton events with less than 4 jets, the FSR recovery is used. The kinematic fit is applied
before the FSR recovery due to the reason that the transfer function is derived with the hard

jets, which is not applicable to the combined jets (H,,,q jet+FSR jet).

4.6.6 Performance of the jet correction

The invariant mass of the H_, 4 in resolved VH (- bb), VH (- c¢) and boosted VH (- bb) are
shown in Figure 4-18 and 4-19

Compared with the standard H,,q invariant mass resolution, the muon-in-jet correction
brings an improvement about 10% level for all the events of signal process. The PtReco cor-
rection brings additional 5% improvement for the events that is applicable. For the kinematic
fit, it brings about 20% level improvement in the resolution for VH (- bb) and about 15% in
VH (- cc). The FSR correction will bring around 5% more improvement. In some most sensi-
tive regions, like VH (- bb) 2-lepton 2-jets SR, the overall improvement on the m,,;, resolution
reaches about 45% compared to the resolution after GSC.

Kinematic fit is further validated using the ZH — [Ibb/llcc MC samples, as shown in Figure
4-20. The plots show the distribution of the ratio between reconstruction level p and truth py
of the b-jets, with different jet energy calibrations. It can be found that after kinematic fit, the

reconstructed p is closer to the truth value.
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Figure 4-18: Tagged energy correction performance in VH (- bb) different lepton channels.
Events in different nJet or pY categories are shown inclusively in resolved and boosted VH (-
bb). The events are taken from signal MC samples.
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Figure 4-19: Tagged energy correction performance in VH (- c¢c) different lepton channels.
Events in different nJet or p¥ categories are shown inclusively. The events are taken from

signal MC samples.
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Figure 4-20: Distributions of ratio between reconstruction level pr and truth pt of the b-jets,
with different jet energy calibrations. The histograms show the p ratio distribution after
kinematic fit. The dash line and solid line show the Bukin function fitted from the pt ratio
distribution with muon-in-jet correction and kinematic fit.
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4.7 Multi-Variate Analysis

Multi variate analysis (MVA) methods are widely used in high energy researches in order to
increase signal purity and background rejection. With a set of discriminating input variables
as input, the multi variate algorithm is trained to understand the difference between signal and
background. The output of MVA is a one dimensional discriminant which is supposed to better

discriminant signal from background compared with single variable.

The boosted decision tree (BDT)!!?4] is used in this analysis, provided by the TMVAU23]
package of ROOT. The decision is a classifier performing repeated left/right decisions dividing
phase space based on the input variables until the stop criterion is fulfilled. BDT is an extension
of decision tree!'?%! from one to several trees which form a “forest”. The trees are trained with
the same setup, but with different event weights. The newer tree will use higher weight for the
misclassified events in the previous tree. The trees are finally combined into a single classifier
which is the weighted average of individual decision trees. This method is the "Boosting”.
Boosting helps reducing the overfit and prevents sensitivity from fluctuations in the training
samples, thus have a better performance than a single decision tree. Two boosting algorithms
are used in the analysis: the adaptive boost (AdaBoost) and gradient boost method. The resolved
VH (- bb) regime uses the gradient boost while the boosted VH (— bb) regime is using the

Adaboost. VH (- cc) regime uses both algorithm in different regimes.

All the objects and events selection criteria are applied before the training of BDT, as well as
the jet corrections. The events in the SRs and AR CRs are trained inclusively to ensure enough
statistics for the training. In the VH (= bb) regime, the BDT is trained using VH (= bb) sample
as signal, while for the VH (- c¢¢) regime the VH (- cc) sample is used as signal. In both case,
the V+jets, tf, s-top and diboson samples are used as background. The VH(— c¢¢) sample
is not listed in the background sample in VH (- bb) training and vice versa. Studies have
shown that the difference between including the VH (- ¢¢) (or VH (- bb)) in the background
sample did not significantly affect the performance of training and evaluation thus they are
excluded. However, the BDT is still expected to have separation power between VH (- bb)
and VH (- cc), since the flavor tagging information is used as an input variable. Besides the

nominal BDT models, additional BDT is trained for the cross-check analysis using the diboson
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samples as signal, in all three regimes. In VH (- bb) (VH(- c¢)) regime, the VZ(— bb)
(VZ(— cc)) sample is used as signal for training, and the VZ(— ¢¢) (VZ(— bb)) is excluded
from the training. The cross-check is essential for the analysis, especially for the VH (- ¢¢)

regime, to test the reliability of the BDT method as well as the performance of the fit model.

4.7.1 MVA Training Regions

As mentioned above, the training regions are not identical with the analysis regions since some
regions need to be merged to ensure adequate statistics for training. The categorization of
training regions is summarized in Figure 4-21.

In resolved regimes, the low/high AR regions are merged together with SRs in the training
while events in TopCRs are excluded. For VH (- bb), although p¥ = 400 GeV defines the
boundary between resolved and boosted, it is not applied in the training, which means the events
with p¥ > 400 GeV also enters the training. But the boundary is applied in the evaluation. For

VH (- cc), separate training are performed for Ct Ct +Ct Cy, region and Ct N region.

* O-lepton channel: separate BDTs are trained corresponding to the 2-, 3- and 4-jets cate-
gories for p{ > 150 GeV for both VH (- bb) and VH (- ¢¢).

* 1-lepton channel: separate BDTs are trained corresponding to the 2- and 3-jet categories
for p¥ € [75,150] GeV and p¥ > 150 GeV for both VH (- bb) and VH (- ¢¢)

* 2-lepton channel: separate BDTs are trained corresponding to the 2- and 3p-jet categories
for VH (- c¢). Similar case for VH (- bb) except in which the 3p-jet category is further

split to 3-jet and 4p-jet categories.

In boosted regime, the topCRs are also excluded from training and separate BDTs are trained

per lepton channels corresponding to p¥ > 400 GeV.

4.7.2 MVA Input Variables

The training variables used in the analysis are chosen based on the balance of training perfor-
mance and simplicity. The variables used for VH (- bb) and VH (- ¢¢) are fully harmonized
in each lepton channel. Table 4-15 summarize all the input variables used in the training and

the details of the variables will be discussed below.

107



Chapter 4 Simultaneous Measurements of Higgs to charm and to bottom Yukawa Coupling
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Figure 4-21: Illustration of the regions used in MVA training, defined in terms of topologies,
p¥ regions and jet multiplicities. For VH (- ¢¢), separate BDTS are trained for Cy Cy +Cy
C, region and Cy N region.
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VH(~ bb,c¢) VH (- bb)
Resolved Boosted
Variable Name O-lepton 1-lepton 2-lepton | O-lepton 1-lepton 2-lepton
m; ;, O my mBB / mJ x x x x x x
m; ;i mBBJ X X X
Pt or piitE pTB1/ pTBTrkJ1 x x x x x x
Pl or pl™ pTB2 / pTBTrkJ2 x x x x x x
P pTBTrkJ3 x x x
Pl sumPtAddJets x x x
1,2
AR(j1,j2) or ARy geicod2 tric) dRBB / deltaRbTrkJIbTrkJ] x x x x x x
|ADG1da)l dEtaBB x
binp (/1) bin_btagBl/bin_bTagBTrkJ1l x x x x x x
binp; ;,(/2) bin_btagB2/bin_bTagBTrkJ2 x x x x x x
124 pTV = Emiss x x = Episs x x
Emiss MET x x x x
Emiss [ \JST METSig x
|Ay(V.H_,.,) dYVBB/deltaYV] x x x x
[A¢p(V,H )| dPhiVBB/absdeltaPhiVJ x x x x x x
min[A¢(0,j;)],i = 1,2 dPhilBmin X
Megy MEff x
my mTW x
Migp Mtop x
my, mLL X
cos0(0,Z) cosThetalLep x X
(it — Emiss) /pW lepPtBalance x
Pt pTL x
N (track-jets in J) NMatchedTrackJetLeadFatJet x X x
N (add. small R-jets) NAdditionalCaloJets x x x
Colour Colour x x x
min{AR(;,j)},i = 1,2 minDRBjets X x

Table 4-15: MVA variables used for the 0-, 1- and 2-lepton channels in the resolved and
boosted topologies for the VH (- bb) and VH (- ¢¢) analyses. The VH (— c¢c¢) analysis only
probes the resolved topology. The Higgs candidate system, composed of the 2 small-R jets
(bb or c¢) for the resolved regime or of the leading large-R jet (J) of the event for the boosted
regime, is sometimes denoted H.,, .
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Resolved Regime

Due to the pr > 30 GeV cut for the non-H_,,4 jets mentioned in Section 4.5 to mitigate the
STXS migration, the jet multiplicity categorization can not fully reflect the jet activities in an
event. In order to avoid this issue in the training, the input variables that are related to the jet
activities in the MVA still take the non-H,,,4 jets with 20 < pr < 30 GeV into account. The

definitions of input variables are described in the following:

Common variables

* p¥: transverse momentum of the vector boson. In O-lepton channel it is equivalent to
E%’iss; in 1-lepton channel it is sum of E%‘iss and the lepton pr; in 2-lepton channel it is
the sum of 2 leptons pr.

. p’fl and p’fz: the pt of two H_,,4 jets.

m; ;,: invariant mass of Hyg system.

* AR(j;,j>): angular distance between two H_,,q jets.

m; ;. ;.. invariant mass of H,,q jets and the remaining jet with highest pr. When there

is only two jets in the event, m; ; ;. = m; ;..

When the remaining jet is coming from
FSR and it is not recognized in the FSR recovery, this variable represents the true H .4
system mass.

* A¢(j1.j2): azimuthal distance between reconstructed vector boson and H., 4.

* binp; 1,(j1), binpr1,(j2): the numerical representative of the PCFT tagged bin of two
H_,nq jets. In total of five possible bins are assigned with different integer values, from 0

to 4: N, 60-70% WP b—tagged, 0-60% WP b—tagged, C;, and Cr.
. 'gz p’T’ pt sum of the non-H_,,4 jets that have pt > 20 GeV.
i#1,
O-lepton specific variables

* An(jy,J»): the pseudorapidity distance between the two H_,,4 jets.
* min{AR(j;,j)},i = 1,2: the minimum angular distance between the H,,4 jets and the
non-H.,,4 jets.

* mys: the scalar sum of py of all small-R jets and E%liss.
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* min[A¢(L,j;)],i = 1,2: the minimum azimuthal distance between the leptons and the

H .4 jets.

1-lepton specific variables

« m¥: transverse mass of W boson candidate.

. ErTniSS: missing energy transverse.

* Ay(V,H_,,4): rapidity difference between the reconstructed vector boson and H.,.

* min[A¢(L,j;)],i = 1,2: the minimum azimuthal distance between the leptons and the
H,.q jets.

* my,,: reconstructed mass of leptonically decaying top quark.

2-lepton specific variables

* my;: the invariant mass of 2 lepton system.

cos 6(¢~,Z): the Z boson polarization sensitive angle. This variable shows the difference
in polarization of Z boson between signal and background Z+ijets process!!?7],

o EMiss/ \[S1: the quasi-significance of Ess.

Ay(V, Hcand)'

Boosted Regime

The boosted regime uses a similar set of variables as resolved regime, which in some case have
a different definition due to the different topology. In addition, some other variables are also

used to improve the performance of BDT.

Common variables

. p¥ : same definition as resolved regime

. p’f‘””‘, p’%””‘ and p’f’trk: transverse momentum of the track jets. j; and j, refer to the
b—tagged track jets and j5 is the leading non-b-tagged jet.

* my: invariant mass of the H .4 large-R jet.

* ARy trksJ2.1rk): the angular distance between two b—tagged track jets.

111



Chapter 4 Simultaneous Measurements of Higgs to charm and to bottom Yukawa Coupling

N (track-jets in J): number of track jets that are ghost-associated to the leading large-R
jets.

N (add. small R-jets): number of additional small-R jets that are not matched to the lead-
ing large-R jet.

A¢(j1.j2): same definition as resolved regime.

Colour: a variable designed to exploit the difference in color flow between gluon split-

tings and decay from QCD singlets statel!?3], which is defined as:

02 . + 07

Colour = % 4-7)
JiJ2

binpy 1, (1 4r)> binp 1 (2. 1r%): the numerical representative of the b—tag bin of two H g

track jets. In total of four possible bins: 85%, 77%, 70% and 60% b—tagging efficiency
bin.

1-lepton specific variables

EisS: missing energy transverse.

Ay(V,H,,q): same definition as resolved regime.

p4: transverse momentum of the lepton

(pET1 - E%liss) /p¥: proxy for the pr imbalance of the charged lepton and the neutrino of

the W decay.

2-lepton specific variables

Ay(V’ Hcand)'

cos(0(0~,Z)): same definition as resolved regime.

For all the variables, when it is not defined in a certain event (e.g. the variables that require

the non-H_,4 jets, but there is no such jet) a default value will be assigned. The default values

are chosen to be close to the distribution of the variables where it is well-defined but not fall

into the range. For example, the default value of min{AR(j;,j)},i = 1,2 is chosen to be 0.35

and the well-defined value of this variable start from 0.4.
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Many distributions have long tails, especially the kinematic variables that can sometimes
reach TeVscale. To increase the training stability, an upper limit is set to include 99% of signal
events. The events that have values above the limit will be set the maximum value.

The distribution of the variables used in the VH (= ¢¢) 2-lepton channel 2-jets Ct Ct +Cr

C,, region are shown in the Figure 4-22 and Figure 4-22.

4.7.3 Training Setup

The BDTs are trained using the nominal MC smaples of the anlysis. In order to maximize the
statistics for the training, all the samples are produced with GNN truth tagging method.

The hyperparameters used in the BDT training are optimized per training channel to max-
imize the statistics only significance of the BDT output. For the boost method, the Gradient
boost is used in the VH (- bb) regime as it is good at capturing the effects outside the bulk of
the distributions, and improve the performance in most case. However, the Gradient boost is
susceptible to the overtraining, especially when the size of training sample is small. While an-
other boost type, Adaboost, is proved to help avoid the overtraining issue. Thus, in the boosted
VH (- bb) regime the Adaboost is used. For VH (- ¢¢), the hyperparameters are mostly inher-
ited from the resolved VH (= bb), which in some case is aggressive. Some fine-tuning is then
done to avoid the overtraining and ensure good signal sensitivity of the BDT output. The hy-

perparameters used in the analysis are summarized in Table 4-16 (VH (- bb)) and Table 4-17

(VH (= cé)).
Resolved VH (- bb) Boosted VH (- bb)
Settings 0O-lepton 1-lepton 2-lepton 0-lepton 1-lepton 2-lepton
Boost type Gradient boost  Gradient boost  Gradient boost | Adaboost Adaboost Adaboost
Number of trees 200 600 200 800 800 400
Maximum depth 3 4 4 3 3 3
Learning rate () 0.5 0.5 0.5 0.5 0.35 0.3
Number of cuts 100 100 100 60 60 100
Minimum node size 5% 5% 5% 2% 2% 7%
Separation method Gini index Gini index Gini index Gini index  Gini index  Gini index
Pruning method No pruning No pruning No pruning No pruning No pruning No pruning

Table 4-16: BDT hyperparameters used for the 0-, 1- and 2-lepton channels for the VH (-
bb) resolved and boosted analyes.
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Figure 4-22: Distribution of input variables used in the BDT training for VH (= c¢¢) 2-lepton
channel 2-jets Ct Cy +Cy Cy, region.
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Figure 4-23: Distribution of input variables used in the BDT training for VH (- cc¢) 2-lepton

channel 2-jets Cy Ct +Ct Cy, region.
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VH(- cc) VH (- cc), Diboson as signal
Settings 0-, 1- and most 2-lepton regions  2-leton, 3pJ, low pTV 0-, 1- and 2-lepton
Boost type Gradient boost Adaboost Adaboost
Number of trees 600 200 200
Maximum depth 4 4 4
Learning rate (8) 0.5 0.15 0.15
Number of cuts 100 100 100
Minimum node size 5% 5% 5%
Separation method Gini index Gini index Gini index
Pruning method No pruning No pruning No pruning

Table 4-17: BDT hyperparameters used for the 0-, 1- and 2-lepton channels for VH (= c¢c)
analysis. Notice that for the trainings where VH (- c¢¢) is the signal, most of the regions and
channels use the same parameters as in resolved VH (— bb) 1-lepton channel, with the 3p-jet
low pTV region (75 GeV < pTV < 150 GeV) in 2-lepton channel as an exception. This region
shows some overtraining issue under the same parameters from other regions, thus a different
set of hyper parameters is applied.

BDT_2L_2J 75ptv_150ptv_1of2 X BDT_2L_2J_75ptv_150ptv_10f2
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Figure 4-24: Distribution of BDT output of one fold of VH (- c¢¢) 2-lepton 75 < p¥ <
150 GeV region training, left is the signal training in Ct Ct +Ct Cy, region and right is the
diboson cross-check training in Ct N region .

The k—fold method is used in the training. The training samples are evenly divided to k sets,
each time one set is used as the evaluation sample and the rest k — 1 sets are used for training. As
a result, in total of Kk BDT models will be trained, and they will be applied to the corresponding
evaluation set. By using this method, the samples used for evaluation is fully orthogonal with
the training samples. In this analysis, the k is set to 2. The events will be divided based on
their MC number to odd and even events. The final discriminant is built by summing the BDT

discriminant of even and odd events.

The ROC curve is one of the important curve to evaluate the performance of MVA. The x-

axis of ROC is the signal efficiency and the y-axis is one minus background rejection efficiency.
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Figure 4-25: ROC curve (left) and BDT output (right) distributions comparison between train
sample and test sample for one fold of VH (— c¢) 2-lepton 75 < p¥ < 150 GeV Ct Ct +Cy
C; region BDT training.
It is plotted by varying the cut on the BDT output. It is also a good distribution of checking
the overtraining by comparing the ROC curve for training and evaluation samples. Overtraining
will result in different distributions for training and evaluation samples. Similar case can also be
found in the distributions of BDT discriminant. A KS test is performed to make sure the BDT
output has a similar discriminant power in both samples. Figure 4-25 shows an example of the
ROC curves and BDT distributions for VH (= ¢¢) 2-lepton training. No significant overtraining
is observed in any BDT model.

The low AR CRs in resolved VH (- bb) 1-lepton is aimed for the control of W + Af process.
It is expected to be enriched with W + bb events. However, in the low p¥ , there are also quite
a lot of 7 events in the region, making it harder to control the W + bb. As a result, a dedicated
BDT training is done in this region using the W + bb as signal. The BDT discriminant is named
as MVACRLow. The MVACRLow is trained using the GNN truth tagged events that have
exactly two h—tagged jets in resolved VH (— bb) 1-lepton channel. The same input variables
and hyperparameters as the standard BDT training are used. It is trained separately for 75 <

p¥ < 150 GeV and p¥ > 150 GeV.

4.7.4 Output transformation

The default binning of BDT output is equidistant and very fine, which may not achieve the
optimal sensitivity. So a rebinning technique named Transformation D is applied to optimize
the signal sensitivity of BDT output. The details will be discuss in Section 4.8.2

An example of BDT score output distribution before and after transformation can be found
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Figure 4-26: Comparison of BDT output before and after Transformation D in VH (- ¢¢) 2-
lepton 75 < p¥ < 150 GeV 2-jets region.

in Figure 4-26. The distribution after transformation are used for all the evaluation of BDT

model performance.

4.8 Statistical description

In order to extract the signal strength for VH (— bb) and VH (= c¢) process, the fit is performed
by maximizing the likelihood function. All the SRs and CRs in the three lepton channels from
resolved VH (= bb), boosted VH (= bb) and VH (- c¢¢) are fitted simultaneously. The param-
eters of interest is VH (— bb) and VH (~ ¢¢) signal strength in the nominal fit, VZ (- bb) and
VZ(— cc) signal strength in the cross-check fit. The fit is performed in the WorkspaceMaker

framework building upon HistFactory!??! RooFit[!13% and RooStats!!3!]

4.8.1 Likelihood Function Definition

The first part of the likelihood function consists of Poissonian probability terms, based on the
expected and observed event yields in all of the bins:

(ps; + b))V

A e (Hsithi), (4-8)
l‘.

E(p) = 1_[ Pois(N,|us; + b;) = l—[

iebins iebins

where N; is the number of measured data events in bin i, and s;, and b; are expected signal and
background counts predicted by simulation. The parameter yu is the signal strength, which is
defined as the measured o xBR for the signal process divided by the Standard Model expectation.

The second term of likelihood function introduce the systematic uncertainties in the form of
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nuisance parameters (NPs) €, which can modify the signal and background yields in the bins:
{s;,b;} = {s;(0),b;(0)}. They are implemented as a set of Gaussian penalty term, which have

a mean value of zero and variation of 1:

1
B = || =2 (4-9)

0l \/E

The effect of the nuisance parameters is determined in auxiliary measurements, named as prior.
The deviation of the best fit value of a NP from zero is the pull and a decrease in the variance
after performing the fit is the constraint. The constraint indicates the certainty with which the
value of the NP is known.

There are also some NPs do not have priors, named as free-floating parameters. They are
used to modify the overall normalization of the background, and determined from the data, e.g.
with the help of CRs. The pre-fit values of these free-floating parameters are set to 1.

Finally, the uncertainties related to the limited statistics of MC samples are introduced as y
parameters. One y parameter is introduced per bin, which can modify the expected background

yield: b;(0) — y;b;(0). They are implemented as:

Bokesat(7) = || Gauss(B,ly;Bi 1B (4-10)

iebins

with y; B; is the mean value, 'y, B, is the variance of the Gaussian distribution, and

1
Bi= 5 4-11)
O el
where o is the relative statistical uncertainty on the expected total background yield.

The full likelihood can be finally written as:

1L
B(p.0,7,7) =[] Pois(Nips,(0) +b;(0, 7. 7)) x [| ==e>x []| Gauss(B/ly;B:\7:B). (4-12)

iebins oeo N2 iebins

The fit result is obtained by minimizing the negative log likelihood (NLL): — In L with re-
spect to all the parameters p, @ and y. A gradient-descent-based method is used for the mini-
mization, implemented in the MINUTE!"32] package.

The likelihood can also be used to test a certain hypothesis for the value of u (only consider

one POI here for simplicity). For example, the SM hypothesis (# = 1) or background only
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hypothesis ¢ = 1. One can define the profile likelihood ratio:

Dy

Ay = ZW ’;) (4-13)

C %(i1,0,7)

where { /i, 0, v } are the values that maximize the likelihood overall and {é, f'} the ones that
maximize £ for a fixed value of . The likelihood ratio is defined in the range [0, 1], where
a value close to 1 implies good agreement between data and the specific hypothesis. While
for larger disagreement, the likelihood ratio value moves toward 0. The test statistic g, can be

defined!133!:

“2InA(p) p=p
qu = (4-14)

0 A< pu
In the case of p = 0, the hypothesis of no signal is tested. It is helpful to define the p-value
to quantify the compatibility of the data with the background-only hypothesis. The p-value is
defined as:

pu=[ flal0dg, (*15)

[1,0bs

where f(¢,10) is the probability density function of g, under the assumption of x = 0 and
q ju,0bs 18 the value of g, observed in data. The p-value can be interpreted as the probability of
finding data incompatible with the given hypothesis p = 0. From the p-value, the significance
Z can be calculated which is defined as the number of Gaussian standard deviation above the

background:
Z=o"11-p), (4-16)

where ®~1 is the inverse Gaussian cumulative distribution function.

For the VH (- c¢), the upper limit on the VH (- cc¢) signal strength is calculated, using a

modified frequentist CLg method!!33-134 The test statistic is defined as:

g = 200 Zstb _ _ppp B0 7 ()

%, B =0,6(0),7(0)

4-17)

120



4.8 Statistical description

where £, is the likelihood of the nominal signal model and £, is that of the background-only
hypothesis. In particular, £, corresponds to the likelihood with a signal strength of u and
£, corresponds to that with g = 0. A 95% CL limit can be calculated from this test statistic,

which corresponds to the signal strength p with a p-value of 0.05.

4.8.2 Fit Model

Fit Inputs

The likelihood function is built from the histograms in the signal regions and control regions
of all three regimes: resolved VH (— bb), boosted VH (- bb) and VH(— ¢¢). The regions
included have been summarized in Figure 4-11. In the resolved regime, different distributions
are used in control regions in resolved regimes, summarized in Figure 4-27. For the signal
regions, the BDT discriminant is used. In the boosted regime, the BDT discriminant is used in
the SRs and the m distribution is used in CRs. Detailed studies on the choice of the fit variables

and the size of bins were done to have a good control of the backgrounds and signal sensitivity.

BDT transformation

The original binning of the BDT output is equidistant and very fine, which is not optimized
for the signal sensitivity. Given the fact that low BDT output scores are populated by back-
ground events and almost no signal events, while high BDT output scores have a good signal-
to-background ratio, considering the statistical uncertainty of each bin, the BDT transformation
is applied. It is designed to optimize the signal sensitivity and reduce the number of bins. The

transformation used in the analysis is named as Transformation D, with the formula defined as:

n n
Z =z + zbzvl;. (4-18)
S

where N, and N, are the total number of signal and background events respectively, n; and n,,
are the number of signal and background in the new bin. Before the transformation, the BDT
output has 500 bins. The bins are merged from highest to the lower output score, until Z > 1

is satisfied with increasing n, and n;. This forms one bin in the transformed histogram and the
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0-lepton BB tag TN tag TL tag TT tag BT tag LN tag

CRHigh Norm-only Norm-only Norm-only Norm-only

Top(bc) CR

V+l CR Norm-only
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CRLow mvaCRLow

pTV pTV

Top(bc) CR

V+l CR pTV

TL tag TT tag LN tag

2-lepton BB tag

CRHigh pTV

Top ep CR Norm-only

V+l CR pTV

Figure 4-27: Tllustration of the control regions in the resolved VH (= bb, c¢) fit and the vari-
ables fitted in each region.
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process restarts from the next unmerged bin. z, and z;, are adjustable parameters that roughly
reflect the number of desired signal-enriched bins and background-enriched bins. Normally,
the total number of bins of transformed histogram equals to z; + z;,. They are optimized in each
analysis regime to give more bins in regions with higher statistics and fewer bins in regions with

lower statistics. The values of z, and z;, are summarized in Table 4-18 and 4-19.

The signal sample used for transformation is dependent in the region and fit type. For
VH (- bb) and VH(~ ¢¢) signal regions, the signal used is VH (- bb) for 2 b-tagged SRs
and VH (- cc) for c-tagged SRs. In the diboson cross-check fit, the VZ(— bb) or VZ(—~
cc) samples are used for transformation in their corresponding SRs. For the Low AR control

regions, the signal sample used for transformation is W + Af to have a better control on it.

Additional protection to avoid empty bins in data is added to require each MVA bin after
transformation to have at least 3 signal + background events. For the left two bins, they will
be merged in the case of the yield difference between the left two bins is larger than 50%.
This protection is added to avoid having a very low statistic bins on the left side in some case

(especially when using Adaboost for BDT training).

75 < p¥ < 150 GeV \ 150 < p¥ < 250 GeV 250 < p¥ < 400 GeV
VH(- bb) SRs z, =10, 7, =5 2,=5,2,=3
- 2-jet: z, = 2,7, = 1 2-jet: z, = 2,7, = 1
VH (= bb) CRLow =T 2=1 Lz =55 L2 =22
Else: z, =5, z, =1 Else: z, =4, z, =1

TT-t d: z, =5,z, =3
0-/1-lepton ABEECE Lo = T
Else: z, =10, z, = 5 [TT—tagged: 7,=2,2,=2

VH (- ¢¢) TT-tagged: z;, =2, z;, =2 LT-/XT-tagged: z;, = 5, z;, = 3
LT-/XT-tagged: z, =5, 7, =5 Else: z, = 10, z, =5

Else: z, = 10, z, =5

{TT—tagged: 7,=52,=3

Else: z, = 10 =5
86 & » % 2-lepton

Table 4-18: Parameter z; and z;, settings used in Transformation D for different phase space
of Resolved Topology.

400 < pY < 600 GeV pY > 600 GeV
_ |3 for 0-, 1-lepton
““12 for 2-lepton

23=95,2,=3 ,Zp =2

Table 4-19: Parameter z; and z;, settings used in Transformation D for different phase space
of Boosted Topology.
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Figure 4-28: Illustration of the STXS schemes used in the VH (- bb, c¢) fit, split by ZH/WH
production mode, p¥ and number of additional jets, each filled box refer to one STXS bin.

Parameter of Interest

For the normal fit that extract VH (- bb) and VH (= ¢¢) signal strength, several fit schemes are
used in the analysis, measuring the VH (= bb) STXS in different granularity. The VH (= c¢)
signal strength is measured inclusively with one single POI in all the scheme. The scheme that
have finest STXS binning is named STXS15, composing 15 POIs for VH (= bb) process, split
as mentioned in Section 4.8.3. The other schemes named STXS13 follows STXS15 by merging
the jet multiplicity split in WH channel and STXS10 that merge all the jet multiplicity split, as
illustrated in Figure 4-28.

There are other schemes that do not split the VH (- bb) in STXS: 2POI scheme that only
have 2 POI, one for inclusive VH (- bb) signal strength and one for inclusive VH (= c¢¢) signal
strength. WHZH scheme that split the VH (- bb) and VH (- ¢¢) to WH and ZH production.

For the Diboson crosscheck, similar POI schemes are used, except the STXS ones that do

not exist for Diboson process.

Asimov Dataset

A common tool to assess the fit performance and estimate the expected sensitivity of analysis

is fit to the Asimov dataset. Two kinds of Asimov dataset is used in the analysis: prefit Asimov
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and postfit Asimov. The prefit Asimov dataset is built with all NPs set to their central value
(expected value). It can be used for the study of the constraints and correlations of NP and
POIs. The postfit Asimov is built by profiling the background NPs to the fitted values from an
unconditional fit to data, while the signal NPs and POIs are set to their SM prediction. It is used

for the calculation of expected significance and limit.

4.8.3 Systematic Uncertainties

Several kinds of uncertainties need to be considered for this analysis to account for the poten-
tial discrepancies of modelling. In general, the uncertainties can be divided to the experimental
uncertainties and theoretical uncertainties. The experimental uncertainties are the ones related
to the detector performance, trigger selection, object reconstruction and flavor tagging. The
theoretical uncertainties are the ones related the theory prediction of the physics process, in-
cluding cross-section calculation, MC modelling and so on. Itis sometimes named as modelling
uncertainties.

All the experimental uncertainties and modelling uncertainties are introduced in the form
of nuisance parameters. The priors of experimental uncertainties follow recommendations and
the priors of modelling uncertainties are derived from the MC simulation. They are summa-
rized in the Appendix 6. The following techniques are used for a better description of these

uncertainties.

Inter- and Extrapolation The systematic uncertainties are usually saved as separate his-
togram corresponding to the +1¢ variation of the nuisance parameters. However, the likeli-
hood function requires a continuous description of the effect. In another word, it requires to
have the effect of NP with the NP value corresponding to arbitrary value other than +1. Thus,

a polynomial interpolation and exponential extrapolation is used.

Symmetrization For some shape NPs, e.g. the large-R JES uncertainty, only an one-side
variation histogram is provided. In these case where only the + 10 variation exist, the effect of

the NP is symmetrized to obtain the —1¢ vairation.
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Smoothing Since the derivation of the systematic uncertainty is sometimes dependent on the
size of MC samples, there is case that the limited statistic results in the fluctuation, which will
bring unwanted effect to the fit. To reduce the fluctuation, the smoothing algorithm is applied
by using a function to fit the distribution. Two smoothing strategies are used in the analysis:

Monotonic and Parabolic, depending on the shape of the systematic uncertainty.

Experimental Uncertainties

All the experimental uncertainties considered in this analysis follow the recommendation pro-
vided by the dedicated performance group. A full set of experimental uncertainties are consid-
ered in all three regimes, depending on the objects used in the dedicated regime. The uncer-
tainties are kept to be fully correlated wherever possible. All the experimental uncertainties are

summarized in Appendix 6.

Luminosity and Pile-up The total integrated luminosity for the full Run-2 data taking period
from 2015 to 2018 is 140fb~!with an uncertainty of 0.83%[34, obtained using the LUCID-2
detector! 13! for the primary luminosity measurements. The pile-up uncertainties is computed
by changing the < p > (defined in Equation 3-1) from the nominal scale 1.0/1.03 to 1.0/0.99

or 1.0/1.07 to get respectively the up and down variations.

Triggers In this analysis, lepton and EIT’rliss triggers are used. For the EITniSS triggers, three
effects are taken into account as systematic uncertainties. The first part is the SF difference
when using different physics process to derive the SFs. Three sets of SFs are derived using
W+jets, Z+jets and semi-leptonic ¢f events. The SFs derived with ¢7 is used as the nominal and
the other two are used as systematic uncertainties. The second part is the statistical uncertainties
on the dataset for the derivation of SFs. The third part accounts for the kinematic dependence
of the trigger efficiency on the offline pt sum of all objects.

For the lepton trigger uncertainties, one electron trigger uncertainty is considered, which
is supposed to cover systematic and statistical uncertainties on the trigger SFs. For the muon

trigger, the systematic and statistical uncertainties are considered separately.
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Leptons and EITniSS reconstruction The uncertainties related to the reconstruction of electron
and muons are considered following the recommendations of ATLAS. For electron efficiency,
the reconstruction efficiency, identification efficiency, isolation efficiency are considered and
each of them have one nuisance parameters covering the total uncertainties. The electron energy
calibration uncertainties are also considered, including energy scale uncertainty and energy
resolution uncertainty. Similar treatment of systematic uncertainties are applied for the muon,
with a finer split of systematic uncertainties from different sources. The uncertainties related

to the ET" reconstruction and scale are also considered.

Jets The systematic uncertainties for small-R jets and large-R jets are considered. For small-R
jet, a full set of around 50 systematic uncertainties is derived from jet energy calibration. The
baseline set includes uncertainties from in — situ analysis, 7 inter-calibration, high-pt jets, pile-
up, flavor composition, flavor response, b-jets and punch-through jets. The reduced set is used
in the analysis, which is derived by principal component analysis. The most prominent sources
of jet-related uncertainties are the ones for jet energy scale and jet energy resolution. For the
large-R jets, a full set of uncertainties for the jet energy scale, jet energy resolution, jet mass
scale and jet mass resolution are considered. For the VR track jets, there is no recommenda-
tion available right now thus no momentum or energy uncertainty is considered. However, the
tagged track jet has the flavor tagging uncertainties which is expected to cover most effects from

reconstruction.

Flavor Tagging The calibration of the PCFT used in the resolved regime is described in Sec-
tion 4.3.1. The tagging for track jets follows the recommendation. However, the official cali-
brations have a limited reach in jet p, which is lower than the jet pr used in the analysis. Thus,
the uncertainties are extrapolated from the last calibrated bin to beyond. There are quite a lot of
individual sources of systematic uncertainties from the calibration, reaching up to around 160
variations for resolved PCFT. In order to alleviate the burden of using so many variations, a
principal component analysis is used to reduce the number of variations. The loose reduction

scheme results in 105 variations for small-R jets and 110 variations for VR track jets.

For the hadronic tau jet, no independent calibration is available due to its low statistics in
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the calibration region. Since the tagging efficiency for c-jet and t-jet is similar, the same scale

factors and variations are applied to c-jet and 7-jet.

Modelling Uncertainties

The signal and background in this analysis are mostly modelled using the Monte Carlo sim-
ulation. In order to assess the uncertainties of the modelling, the alternative samples are also
generated to compare with the nominal sample or using the internal weight variations of the
nominal samples. The idea is to disentangle different sources of uncertainties. So different
alternative samples are used to assess the impact of e.g. matrix element or parton shower vari-
ations. Since the resolved VH (— bb) and VH (— c¢¢) share similar topology, the modelling
uncertainties are correlated as much as possible between two regimes. The uncertainties in
boosted VH (- bb) regime are considered separately.

The modelling uncertainties are derived for different process and can be divided to the fol-

lowing categories according to the impact:

Normalization Uncertainties are the ones that alter the overall yield of a process in several or
all regions. They can be derived from the simulated samples by comparing the yield difference

between generators, or they can also free float in the fit and be constrained by the data.

Acceptance Ratios account for the difference of yield in the specific phase space, due to the
different acceptance between generators (or same generator with different setup) after all the
samples are normalized to same cross-section. This will result in a change in the ratio between
the number of events across the regions. In this case, the acceptance uncertainties are treated

as a Gaussian constraint with the prior calculated as double ratios:

Acceptance[Cat.B(altemative MC)] / Acceptance[Cat.A(alternative MC)] (4-19)

Acceptance[Cat.B (nominal MC)] Acceptance[Cat.A (nominal MC)]

where category A (Cat.”4) is the region with highest purity and category B is the other region
under test. In the case of extrapolation accross several regions A, B and C, which have decreas-

ing purity, the acceptance uncertainty is first computed from the purest region to the two less
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pure ones, i.e. A— [B+C], and then between the two less pure regions, i.e. B—C. The usage
of double-ratios avoid double counting with the normalization uncertainties. The uncertainties

from different sources are calculated individually and then added in quadrature:

Total acceptance = ‘/ ¥ ;(Acceptance unc,, )2 (4-20)

var;
Shape Uncertainties consider the difference in shape of distributions used for fit when com-
paring different MC samples. The shape uncertainties can be derived by the direct comparison
between MC samples after normalized to same yield in the specific phase space. This approach
is used for e.g. the shape uncertainties originated from QCD scales and the Parton Shower vari-
ations for signal process. This method requires to have enough events for both nominal samples
and alternative samples to derive a meaningful shape uncertainty. Thus, it is suitable for the

uncertainties assessed from internal weight variation or with large size of MC samples.

However, the MC generation consumes a lot of time and computing resources. In order to
solve this problem, a new approach named Calibrated Likelihood Ratio Estimators (CARL) is
used. CARL is a reweighting technique based on the deep neural network. The neural network
is trained to distinguish the difference between nominal sample and alternative sample using
the same input variables as MVA that is described in Section 4.7. The output of CARL for
each single event is the probability of the specific event coming from the alternative sample.
Applying the probability as an event weight to the nominal sample would hence reweight the
nominal sample and make the distribution to follow the shape of the alternative sample. Be-
cause of the much larger size of the nominal samples compared to the alternative samples, this
reweighting process can smooth out statistical fluctuations and provide shape uncertainties as

the CARL-reweighted sample.

In order to have adequate events for a stable training, some regions are merged. For ex-
ample, in the CARL training for ¢7 in VH (- bb) 0-lepton channels. The events are only split
by the event flavor to bb and non-bb, merging all the SRs and CRs, jet multiplicity and pTV
regions. Figure 4-29 shows the distribution after CARL reweighting and it can be found that the
reweighted distribution keeps the shape of alternative sample while smooth out the statistical

fluctuations.
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Figure 4-29: Comparison of MVA distribution between nominal sample (red), alternative

sample (blue) and nominal sample after CARL reweighting (black) in VH (- bb) 0-lepton
2-jets (left) and 3-jets (right) SR+CR.

Sample Nominal Generator  Alternative Generators systematic effectes
VH(— ¢¢) PowHEG + PytHiA 8 PowHEG + HERWIG 7 Ugrs L, ISR/FSR, PDF
VH (- bb) POWHEG + PyTHIA 8 POWHEG + HERWIG 7 s L, ISR/FSR, PDF
Diboson SHERPA 2.2.11 PowHEG +PyTHIA 8§, SHERPA 2.2.1 Urs g, PDF

electroweak corrections
tf and PowHEeG +PyTHIA 8 PowHEG +HERWIG 7, Additional ISR/FSR
single-top MADGRAPH 5_aMC@NLO+PyTHiA 8 DS/DR (single-top Wt)
V+jets SHERPA 2.2.11 MabpGrarH FxFx, SHERPA 2.2.1 Hrs U, PDE,

electroweak corrections

Table 4-20: Summary of samples in the analysis, their nominal and alternative generators and
systematic effects used to assess signal and background modelling uncertainties.

Table 4-20 summarizes the nominal samples, alternative samples and scale variations used

for all the samples in this analysis.

Signal Modelling

A full set of systematic uncertainties are derived for the VH (- bb, c¢) signal. The sources of

the systematic uncertainties includes QCD scale, PDF+a ¢ variations, electroweak corrections,

branching ratio, parton shower and underlying events. The details of the signal uncertainties

will be discu

ssed below.
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STXS signal parameterization One of the main goal of the analysis is to measure the fiducial
cross-section for VH (- bb) process based on STXS Stage 1.2 Schemel!36-137] a5 illustrated in
Figure 4-30. The scheme split the cross-section in terms of p¥ and the jet multiplicity (n;,,)
as well as the production mode. The p¥ is the approximation of the momentum of Higgs and
n;, reflects the number of ISR jets in the event. There are in total of 45 bins in the STXS 1.2
scheme, and it is very challenging to constrain all the bins in the fit due to the statistic limitation.
As a result, the reduced STXS split is used in the fit which merge some STXS bins to obtain
enough number of events for a reasonable constraint, the details of the split will be discussed
in Section 4.8.2. It should be noticed that the VH (- bb) and VH (- ¢¢) signals are produced
in full STXS 1.2 split as well as the signal systematic uncertainties, and merged to the scheme

used in the fit in a later stage.

Stage 1.2 VH = V (— leptons)H
|
pr
0 T T T T
. | L || B || L |
IR D e A |
150 I [ [
Ll | L | B |
250 I — |
T (R S . N e e r EEEEEE B S T
> 0-jet I 1-jet IZ 2-jet 0-jet I 1-jet .2 2-jet 0-jet I 1-jet IZ 2-jet

Figure 4-30: Illustration of full STXS 1.2 scheme used in the analysis.

For ZH process, 5 p¥ bins are covered: [75,150], [150,250], [250,400], [400,600] and >600
GeV. The first three p¥ bins are further split into two based on nje.: one for O-jet and one for
> 1-jets. For WH process, similar split as ZH are used with the only exception that the [75,150]
GeV bin is not further split in n;,,. In the final fit results, some bins are merged to have a better
constraint.

All the systematic uncertainties are derived with the STXS split (which is much finer than
the STXS scheme used for fit) and partially merged into the scheme used. The VH(— ¢¢)
process also applied the STXS scheme in order to correlate the uncertainties with VH (- bb).

However, only an inclusive signal strength is used in the analysis due to the limited statistics
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in each bin, which means that all the STXS bins are merged. The acceptance uncertainties of
signal process are derived using the Steward-Tackmann (ST) method!!3#! for the consideration

of signal migration among the STXS bins.

QCD scale uncertainties The most important uncertainties in the theoretical prediction of
VH production cross-section come from the variations of the renormalization and factorization
scale, p1, and pp, which will affect ISR and FSR. They are considered as normalization and

shape uncertainties.

PDF+a g uncertainties The PDF+a g uncertainties consider the variations of PDF setup and
the strong coupling strength. The nominal PDF set PDF4ALHC15NLO!"5! defines 30 sets of

alternatvie PDFs and two a g variations. They are considered as normalization uncertainties.

Electroweak corrections Uncertainties on the NLO electroweak corrections modify the py
shape and the cross-section. The uncertainties are considered as shape and normalization un-

certainties.

Branching ratios The theoretical uncertainties on the H — bb is 1.61%"%1, which is domi-
nated by uncertainties on the b-quark mass and a g(my ). For H — cc, the uncertainties is 5.53%

for up variation and -1.99% for down variation.

Parton Shower and underlying event The parton shower and underlying event uncertainties
are considered by the alternative sample using a different PS model (HErwiG 7) than the nominal
one (Pythia 8). The MVA distribution from the alternative sample is directly used as shape
and normalization variations, meanwhile the acceptance uncertainties are included to take into

accounts the effects on STXS normalization.

Background Modelling

Most of the background process are modelled by Monte Carlo simulation, as mentioned in

Section 4.2. A full set of systematic uncertainties are included for these processes. The treat-
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ment of systematic is coherent between resolved regime and boosted regime unless specified.

Table 4-21 gives the summary of all the systematic uncertainties included in the analysis.

V+jets The production of W+jets is a main background in the 1-lepton channel. In the O-
lepton channel, the events with hadronically decay 7 leptons or unidentified electron/muons
also contribute to the background. According to the flavor composition of the jets that used
to reconstruct the H,,4, the W+jets process is divided to three different components: W + hf
(including W + bb and W + cc), W + mf (including W + be, W + bl, W + cl) and W + If. The
normalization factor of these three kind of background are allowed to free float in the fit. The
floating normalizations are all decorrelated in p¥ and Njess- TWO sets of alternative samples are
used for W+jets process as listed in Table 4-20. Deriving from these alternative samples, several
kinds of acceptance are considered, including extrapolation uncertainties from 1-lepton to 0-
lepton channel and between SRs and CRs, several ratios between different flavor composition
and the acceptance uncertainties between different jet multiplicities regions.

Several kinds of shape uncertainties are considered for W+jets. The alternative samples are
used for the derivation of ME and PS shape uncertainties using CARL. As the SHErRPA 2.2.11
is found to disagree with the data more than SHErpA 2.2.1 in some certain p¥ regions, addi-
tional shape uncertainty is derived from the SHERPA 2.2.1 distribution. The shape uncertainties
originated from QCD scale and electroweak corrections are also considered.

Z+jets is the main background in O-lepton channel and 2-lepton channel. The treatment of
Z+jets uncertainties is consistent with the W+jets. It is also categorized into three components:
Z+ hf,Z + mf and Z + If, with corresponding normalization factors applied to them. The nor-
malization factors are decorrelated in py. and Njess» With some slight adjustment of correlation
scheme for better constraint. Similar acceptance uncertainties and shape uncertainties as W +jets
are considered for Z+jets process, with the exception that the acceptance uncertainties between

different jet multiplicity regions are removed since it is covered in floating normalizations.

Top The top background contains the ¢f production and single-top production. The top back-
ground in VH (= bb) 2-lepton is estimated from data-driven method and an extrapolation uncer-

tainty of 0.8% is applied to it. In VH (- c¢¢) 2-lepton channel, the top background is estimated
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using the MC simulation and the floating normalization are applied to simultaneously control
the 7 and single-top process. An additional 4.6% cross-section uncertainties are applied to
single-top s-channel.

In the O-lepton and 1-lepton channel, ¢ has much more contamination and thus the following
systematic uncertainties are applied, including floating normalizations, relative acceptance un-
certainties and shape uncertainties. The floating normalizations take care of the main processes
related to top quark (¢ and W) and leave them float freely, and the dedicated topCR and High
AR CR can provide constraints to the normalizations'. The relative acceptance uncertainties
are derived for the ME and PS contributions as well as for the ISR and FSR contributions. The
shape uncertainties in top related backgrounds come from two types of sources. For the ME
and PS contributions, CARL framework is used to compare the nominal POWHEG +PYTHIA 8
samples with PowHEG +HERWIG 7 and MADGRAPH 5_aMC@NLO+PyTHIA 8 samples to derive
the shape uncertainties. For ISR and FSR contributions, the shape uncertainties are extracted
with nominal sample using internal weight. To estimate the effect of different treatments of the
Wt-tt interference, an additional DS-DR uncertainty is applied to single-top Wt events, derived
directly use the difference between the two samples. The DS scheme is used as nominal and

DR is used as alternative.

Diboson The diboson background consists of WW, WZ and ZZ processes, which constitute
a small background in all regions. However, the VZ(— bb) and VZ (- c¢¢) process are used
as the cross-check signals to test the analysis strategy. Four normalization uncertainties for
ZZ, WW, WZ and ggV'V are calculated for each process and harmonized for VH (- bb) and
VH (- cc). For the acceptance uncertainties of the VZ signal process, the ST method is used
same as VH signals. The acceptance uncertainties can be divided into the following categories:
acceptance uncertainties among STXS bins, lepton channels, jet multiplicities, pY. regions and
between SRs and CRs. For the sources of the acceptance uncertainties, they are mainly coming
from: PS+ME difference evaluated by generator difference, QCD scale variations, electroweak
corrections and PDF+a ¢ variations. The shape uncertainties come from four sources. The

ME+PS one is derived with CARL framework. The ones from QCD scale, PDF and electroweak

1 For single top s- and z-channel events, no floating normalization is applied, and instead an overall normalization uncertainty
is derived
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are derived by direct comparison.

4.8.4 V+jets p¥ shape uncertainties study

The modelling of V+jets, one of the major background of the analysis, has significant impact on
the signal extraction. It is simulated with two versions of SHERPA, 2.2.1 and 2.2.11, and the later
version is used as the nominal sample. However, it has been observed that the pY modelling
is different between SHERPA 2.2.1 and SHERPA 2.2.11, likely due to an updated scale choice in
SHERPA 2.2.11. As can be seen in Figure 4-31, SHERPA 2.2.1 overshoots the data at very high
p¥ , while the SHERPA 2.2.11 prediction is lower than the data, with the discrepancy increasing
with p¥. As shown in Figure 4-32 for 2-lepton VH (- ¢¢), SHERPA2.2.1 seems to agree better

with data in the parameter space that this analysis targets.
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Figure 4-31: PMG SHEerpa 2.2.1 (green), SHERPA 2.2.11 (blue), and data (black) agreement
for Z boson dilepton decays .

Since the observed differences cannot be covered by the QCD scale uncertainties, dedicated
p¥ shape uncertainties were derived from comparisons of SHERPA 2.2.11 to SHERPA 2.2.1. As
shown in Figure 4-33, a polynomial function is fitted to the ratio between SHErPA 2.2.1 over
SHERPA 2.2.11 over p¥ , which is then propagated to the other distributions in the analysis re-
gions, and used as a shape uncertainty. The shape uncertainties are derived inclusively in tag
regions and jet multiplicity, but separately for W+jets and Z+jets, and split in the V+hf, V+mf
and V+light components. The reweighting polynomials are derived in VH (= c¢¢) and applied

to all VH (- bb, cC) V+jets.
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Uncertainties

resolved VH (= bb, c¢)

boosted VH (— bb)

VH
WH /qqZH |ggZH normalisation/acceptance

to be updated (using values from previous analyses)

H - bb BR 1.61%

H - ccBR %

Diboson

WW /ZZ/WZ normalisation 16%/17%/19% 16%/17%/27%
ggV'V normalisation 30%

Lepton channel acceptance 2-23% 7-10%

Nij. acceptance 10%-42% -

pY acceptance 3%-16% 7%-40%
SR-CR acceptance 6%-50% -

STXS like binning acceptance -37.4-32.0% -22-10.6%
Z+jets

Z + hf normalisation Floating

Z + mf normalisation Floating Floating together with Zhf
Z + If normalisation Floating 35%

Z + hf flavour composition acceptance 8%-12% 6%

Z + mf flavour composition acceptance 4%-10% 6%
Flavour composition acceptance between Zhf and Zmf - 5%
High-AR-CR-SR acceptance 5%-30% -
topCR-SR acceptance - 15%-25%
2- to O-lepton acceptance 2%-10% 3%

pY acceptance - 15%
W+jets

W+ hf normalisation Floating

W+ mf normalisation Floating Floating together with Whf
W+ If normalisation Floating 38%

W+ hf flavour composition acceptance 4%-25% 11%

W+ mf flavour composition acceptance 8-29% 9%-15%
W+ If flavour composition acceptance 9% -
Flavour composition acceptance between Whf and Wimnf - 5%
High/Low-AR-CR-SR acceptance 2-50% -
topCR-SR accpetance - 16%-27%

1- to 0-lepton acceptance 3%-30% 20%

pY acceptance - 3%

Nije, extrapolation 12-20% -

Top (0- and 1-lepton, excluding single top s/t)

Top(bb) normalisation Floating Floating (together with Top(others))
Top(others) normalisation Floating Floating (together with Top(bb))
Flavour composition acceptance 5% - 10% -

1- to O-lepton acceptance 2% - 8% 6-17%
High/Low-AR-CR-SR acceptance 2% - 10% -
topCR-SR acceptance - 14-19%
Wt / tf ratio 12-48% 22-36%
Top (2-lepton)

Normalisation Floating (VH (- cc¢)), 0.08% (VH (- bb) *) 20%

Single-top s-/t-channel (0- and 1-lepton)
Normalisation

High/Low-AR-CR-SR acceptance

pY extrapolation ratios

Nj,, acceptance

1- to O-lepton acceptance ratio

4.6% (s-channel), 17% (z-channel)
3% - 17%
7% - 15%
15%
6%

4.6% (s-channel), 10% (z-channel)

Multi-jet (1-lepton)*
Normalisation

20%—100%

Table 4-21: Summary of the background modelling systematic uncertainties considered. The

values given refer to the size of the uncertainty affecting the yield of each background.
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Figure 4-32: SHERrPA 2.2.1 (left), SHERPA 2.2.11 (right), and data (black) agreement in 2-
lepton VH (- cc).
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Figure 4-33: W+jets (left) and Z+jets (right) distribution of SHERPA 2.2.11 .

The SHERrRPA 2.2.1 p¥ uncertainties are used as a shape-only uncertainty and introduce
around a 10% shape effect in all analysis phase space. Detailed fit studies were performed
to understand the behaviour of this uncertainty and use the control regions to constrain it well.
It was found that the shape uncertainties behave similarly for V+hf and V+mf, and differently
for V+1, hence the uncertainties are treated as correlated for V+hf/mf, and kept separate for V+1.
The fit variables in the high AR control regions were explicitly chosen to ensure the pY shape
uncertainties are well-constrained for all flavour components. To constrain the V+1 component,
p¥ is chosen as the fit variable in the 1-lepton and 2-lepton LN-tag V+light control regions. To

constrain the V+hf/mf components, p¥ is chosen as the fit variable in the 1-lepton and 2-lepton
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TN-tag high AR control regions. Additionally, the p¥ distribution is also fitted in the BB-tag
high AR control region in the 2-lepton channel to add additional constraints for the V+hf/mf
component.

As shown in Figure 4-34, the Z+1 and Z+hfmf pulls are well-constrained in the resolved

regions. There is no sensitivity to the shape uncertainty in the boosted region.

ATLAS Internal

Parameter ® DatafFit_conditional_mul

- Blinded NP AsimovFit_conditional_mul

Zjets_PTV -2 -1 0 1 2 Signif  Values
150-250 GeV Zhf+mf Sh2.2.1 pTV shape unc —— 000 ooox
150-250 GeV ZIf Sh2.2.1 pTV shape unc - 000 oo
250-400 GeV Zhf+mf Sh2.2.1 pTV shape unc —_— ?r ?: 0.00 i
250-400 GeV ZIf Sh2.2.1 pTV shape unc — e 3 L’: ggg i
75-150 GeV Zhf+mf Sh2.2.1 pTV shape unc = 2 :tv -0.00 ig §3
75-150 GeV ZIf Sh2.2.1 pTV shape unc — 600 oo1e
boosted region ZIf Sh2.2.1 pTV shape unc 2 c ggé z ggg

Figure 4-34: SHERPA 2.2.1 p\T/’t pulls in 2-lepton VH (= bb, c¢).

Pseudo-data fit

Though the p¥ mismodelling is not visible in the post-fit py distribution of control regions and
signal regions, as the numerous number of nuisance parameters, there is doubt that whether
these shape uncertainties can capture the shape discrepancies. Especially, since the high BDT
score bins in signal region is less populated, there is concern that the p¥ mismodelling brings
bias on signal extraction. Thus, a Pseudo dataset is built with all the p¥ shape uncertainties are
pulled to 1o, while other nuisance parameters are fixed to their expected value, which represents
the situation that there is a mismodelling that is exactly like the SuHErpa 2.2.1. Figure 4-35 shows
the p¥ distribution with the Pseudo dataset in some regions that is sensitive to the mismodelling.
Compared with a real data fit, the fit to Pseudo Data could rule out the possibility that the
nuisance parameters and signal strengths are pulled by the statistical fluctuation of the data as
well as the mismodelling of other background components.

An unconditional fit is then applied to this Pseudo dataset, to see if the shape nuisance
parameters are correctly pulled and other nuisance parameters are not affected. As shown in

Figure4-36, the p¥ shape divergency is corrected after the fit. Figure4-37 and 4-38 show the
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Figure 4-35: Prefit distribution with the Pseudo dataset in 1-lepton 2c-tag 2-jets SR (left) and
2-lepton 2c-tag 3-jets SR (right).

pulls of these p¥ shape nuisance parameters. Except for the ones related to boosted region,
where the p¥ control regions are not used, and the one related to Whf component which the
shape cannot be well constrained in CRLow, all the other nuisance parameters are sufficiently
pulled to the value close to 1. In the meantime, the other nuisance parameters are mildly pulled
from the expected value. This test indicates that the p¥ shape uncertainties can indeed capture
the p¥ mismodelling, and the discrepancies will not be captured by other nuisance parameters.

The corresponding signal strength in the Pseudo dataset fit is:

bb cc
tyy | 1.00+£0.13 | 1.1545.10
iy | 1.00+0.13 | 1.00+0.23

The final fitted signal strength is consistent with the expected value, the VH (- bb) signal
strength is consistent with 1 and VH (- c¢¢) signal strength is slightly pulled compared to its
error, which means that the impact of the p¥ mismodelling on the signal strength is negligible.

In order to further test whether these p¥ shape NPs can handle larger discrepancy, a 2o
Pseudo dataset is built by fixing the p¥ NPs to 20 and other NPs fixed to expected values.
The fit results show consistent results with the 1o case, the p¥ shape NPs are pulled to the
values close to 2, as shown in Figure 4-39 and Figure 4-40. The bias on VH(— bb) signal

strength (py g pp = 1.00 £ 0.13) is negligible and the bias on VH (- cc) signal strength
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Figure 4-36: Postfit distribution with the Pseudo dataset in 1-lepton 2¢-tag 2-jets SR (left) and
2-lepton 2c-tag 3-jets SR (right).

(MvE(see) = 1.29 + 4.81) is two times the 1o case, which is still negligible compared to its
error.

A similar test is done with the STXS fit to the 1o pull Pseudo dataset, to see if the STXS
signal extraction will be biased by the py’ mismodelling. The results show that the bias on the
STXS signals are still negligible, all of the STXS signal strengths are close to 1, with maximum
deviation smaller than 0.05¢0. The other NPs related to the signal modelling are not pulled. The

rest of the nuisance parameters are consistent with their performance in the inclusive mu fit.
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Figure 4-37: W+jets p¥ shape pulls in fit to Pseudo dataset.
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Figure 4-38: Z+jets p¥ shape pulls in fit to Pseudo dataset.
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Figure 4-39: W+jets p¥ shape pulls in fit to Pseudo dataset that pull V+jets pY shape NPs to
20.
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Figure 4-40: Z+jets p¥ shape pulls in fit to Pseudo dataset that pull V+jets p¥ shape NPs to
20.
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4.9 Results

After the fit model is established, the fit can be performed to extract the signal strength as well
as other statistical results, e.g. significance and upper limit, of the signal process. This Section

will present the fit results from VH (- bb, c¢) fit and Diboson cross-check fit.

4.9.1 VH(- bb,c¢) Combined Fit Results

The best fit signal strength and uncertainties for VH (= bb) process are:
,u%,bH = O.91f8:%2 = O.91f8:}8 (stat.)fgz%% (syst.) (4-21)
and for VH (- cc) process:
1S5y = 1.0725 = 1.0+ (stat.) 3-8 (syst.) (4-22)

The expected significance for VH (- bb) signal is 8.0¢, while the observed significance
is 7.40. The upper limit at 95% confidence level (CL) on the VH(— c¢) signal strength at
11.3x SM prediction, with the expected value being 10.4(f‘3‘:(2))x SM prediction. This is the
best observed limit on VH (— ¢c¢) process up to now. Compared with previous ATLAS results,
the upper limit on VH (- cc¢) improves by more than 100%. It mainly profits from the improved
c-jet tagging efficiency with the new tagger and much better signal-background separation with
the MVA. Additional reasons for the improvement includes the application of kinematic fit
in VH(— cc) 2-lepton channel, improved MC statistics and better control of top and V+jets
process with new CRs.

Figure 4-41 shows the fit results and 68% and 95% CL contours. The results have good
consistency with the SM with the compatibility of 85.6%. The correlation between 2 POI is
5%.

The postfit distribution of the BDT score in some selected sensitive SRs are shown in Fig-
ure 4-42~4-44. The distribution of all regions in the fit are shown in Appendix 6. The normal-
ization of the major background, W+jets, Z+jets and ¢z, are shown in Table 4-22, 4-23 and 4-24

respectively. In general, the W+jets and Z+jets normalization factors exhibit similar behaviors,
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Figure 4-41: The obsgrved (solid lines) and expected (dashed lines) 68% and 95% CL con-
tours of the VH (— bb) and VH (- cc) signal strengths, along with their best fit values.

increasing with the number of additional jets and with py. The normalization factors for 7

process are more close to unity and have a different trend, decreasing with p¥ .

pY region | num.jet || W+hf | W+mf | W+If
2 1.09 +0.06 | 1.20 0,03 | 1.03 + 0.04
[75,150] GeV >3 || 1305007 | 1.16 + 0.04 | 1.07 + 0.05
2 100+ 005 | 1315003 | 1.08 + 0.03
[150.2501GeV | 5 1 1284 0.07 | 1.31 4004 | 1.07 + 0.04
2 007 + 0.08 | 135+ 007 | 1.05+ 0.03
(2504001 GeV | o5 | 1464012 | 132+ 0.07 | 1.10 + 0.04
[400.600] GeV - 149+ 025 -
>600 GeV - 2.03 + 025 -

Table 4-22: Normalization factors applied to the W+jets backgrounds processes in the analy-
sis as obtained from the VH fit to the 13TeV data.
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Figure 4-42: The BDTyy post-fit distributions in the 75GeV < pX < 150GeV (left),
150GeV < p¥ < 250GeV (middle) and 250GeV < p¥ < 400GeV (right) signal regions of
the 2 b-tagged category in the O-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channel
for events with 2 jets. The background contributions after the VH fit are shown as filled his-
tograms. The Higgs boson signal VH (- bb) is shown as a filled histogram on top of the fit-
ted backgrounds normalized to the signal yield extracted from data (¢ = 0.91), and unstacked
as an unfilled histogram, scaled by a value reported in the legend for better visualization. The
hatched band represents the combination of statistical and systematic uncertainties for the
sum of the fitted signal and background. The lower panel displays the ratio between the data
and the sum of postfit signal and background .
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Figure 4-43: The BDTyy post-fit distributions in the 75GeV < pX < 150GeV (left),
150GeV < p¥ < 250GeV (middle) and p¥ > 600GeV (right) signal regions of the Hee

2 c-tagged category in the O-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channel
for events with 2 jets. The background contributions after the VH fit are shown as filled his-
tograms. The VH (- c¢¢) signal and the contribution from VH (- bb) are shown unstacked as
unfilled histograms, scaled by the factor indicated in the legend. The hatched band represents
the combination of statistical and systematic uncertainties for the sum of the fitted signal and
background. The lower panel displays the ratio between the data and the sum of postfit signal
and background.
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Figure 4-44: The BDTy f; post-fit distributions in the 400GeV < p¥ < 600GeV (left) and
p¥ > 600GeV (right) signal regions of the boosted regime in the O-lepton (top), 1-lepton
(middle) and 2-lepton (bottom) channels. The background contributions after the VH fit

are shown as filled histograms. The Higgs boson signal VH (- bb) is shown as a filled his-
togram on top of the fitted backgrounds normalized to the signal yield extracted from data

(¢ = 0.91), and unstacked as an unfilled histogram, scaled by a value reported in the leg-
end for better visualization. The hatched band represents the combination of statistical and
systematic uncertainties for the sum of the fitted signal and background. The lower panel dis-
plays the ratio between the data and the sum of postfit signal and background .
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p¥ region ‘ num. jet H Z+ hf ‘ Z +mf Z+If

2 1.20 £ 0.04 | 1.04 + 0.04 | 1.12 + 0.03

75,1501 Gev >3 1.49 + 0.06 | 1.11 £ 0.05 | 1.12 + 0.05
3/23 0.77 + 0.03 - -

2 1.30 £ 0.04 | 1.08 £ 0.04 | 1.17 + 0.02

[150.2501GeV | 3 || 1505007 | 1.14% 005 | 1.17 + 0.04
3/23 0.80 + 0.04 - -

2 1.40 £ 0.07 | 1.31 +0.08 | 1.16 + 0.03

250,400 Gev 23 1.78 £ 0.09 | 1.32 + 0.07 | 1.20 + 0.04
3/23 0.74 + 0.04 - -
>400 GeV - 1.63 + 0.13 -

Table 4-23: Normalization factors applied to the Z+jets backgrounds processes in the analysis
as obtained from the VH fit to the 13TeV data. The 3/ > 3 value is an additional correction
factor applied to Z + hf in categories with exactly three jets on top of the >3 normalization
factors.

pY region | num. jet || Top(bb) | Top(bq.qq) | Top2L
2 1.02 +0.04 | 0.98 +0.05 | 1.05 +0.05
[75,150] GeV 3 097 +0.03 | 0.98 +0.03 | 0.98 + 0.05
2 0.89 +0.05 | 0.83 +0.04 | 1.07 +£0.16
[150,250] GeV 3 0.91 + 0.03 | 0.86 + 0.03
4 0.97 4 0.02 | 0.95 1003 | 90014
2 0.78 + 0.08 | 0.82 + 0.05
[250,400] GeV 3 0.83 +0.04 | 0.80+0.03 | 1.10 + 0.50
4 0.93 + 0.05 | 0.86 + 0.04
[400,600] GeV - 0.83 + 0.05 -
>600 GeV - 0.69 + 0.07 -

Table 4-24: Normalization factors applied to the top quark background processes in the anal-
ysis as obtained from the VH fit to the 13TeV data.

WH /ZH Decorrelation Fit

A simultaneous fit with VH (— bb) and VH (= ¢¢) signal strength decorrelated to 4POIl: WH (-
bb), ZH(— bb), WH(— ¢¢) and ZH (- cc) is also performed. The WH production mode
signal strengths are mostly constrained by 1-lepton channel while ZH production mode is mostly
constrained by O-lepton and 2-lepton channel. Figure 4-45 shows the fitted signal strength. The
significance and limits are shown in Table 4-25 and 4-26. For WH (- bb), the significance
is 5.3 standard deviation for observed data. This indicates the first observation of WH (= bb)
process.

With respect to the previous VH (- bb) results from ATLASI'9], the WH signal strength
uncertainties improves by 23% and ZH signal strength uncertainties improves by 10%. The

improvement in WH is mostly credit to the c-jet rejection of the new PCFT tagger and the
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e e e e S e
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— Total unc — Stat. unc Tot. ( Stat., Syst.) — Total unc — Stat. unc Tot. ( Stat., Syst.)
WH, H_ bb —e——m— 095 ‘021 (1014 o010 WH,H- cg| #—=—-e——— 33 22 (%83, 7]
ZH, H- bb —e—— 0.88 *2 (‘012,041 ZH,H- cC| H—e—H 05 70 (L,
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Figure 4-45: Observed signal strength of WH (- bb), ZH (- bb) (left) and WH (- c¢¢),
ZH (- cc) (right) process from a simultaneous fit.

Production mode \ Expected sig. (cond. data) \ Observed sig.

WH (> bb) 55 53
ZH (= bb) 5.1 4.9
VH (= bb) 8.0 74

Table 4—2_5: Expected and observed significance for WH (- bb) and ZH (= bb) process, with
VH (- bb) inclusive results in comparison.

dedicated CRs to constrain Top background.

Lepton Channel Decorrelation Fit

The lepton channel decorrelation fit have six POIs with VH (- bb) and VH (- c¢¢) signal
strength decorrelated in lepton channels (0O-lepton, 1-lepton and 2-lepton). Figure 4-46 shows
the fitted signal strength. Table 4-27 shows the VH (- bb) significance and Figure 4-47 shows
the VH (— cc) upper limit in each lepton channels. Considering only the statistical uncertain-
ties, the three channels give the upper limit of 14 (0-lepton), 13 (1-lepton) and 15 (2-lepton)
times SM prediction, respectively. The three lepton channels now have comparable sensitivity

for the VH (- cc) search.

Breakdown of Uncertainties

The breakdown of uncertainties shows the impact of different kinds of nuisance parameters
have on the total uncertainties of the POI. The impact of a group of NPs is obtained from a fit
that fix the NP belonging to that particular group to the post-fit values and floating the rest of

the NPs. This fit will result in a new best-fit value x” and uncertainties o - The impact of the
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Production mode \ Expected limit (cond. data) \ Observed limit

WH (- cc) 17.2 20.3
ZH (- ¢?) 14.0 13.7
VH (- cc) 10.4 11.3

Table 4-26: Expected and observed limit on WH (- ¢¢) and ZH (- cc) process, with VH (-
cc) inclusive results in comparison.

R e e !
ATLAS VH, H- bbl/ct, /s=13 TeV, 140 fb™ ATLAS VH, H- bb/cE, Vs=13 TeV, 140 fb™|

— Total unc — Stat. unc Tot. (Stat., Syst.) — Total unc — Stat. unc Tot. ( Stat., Syst.)
VH,Ho bBOL | e 084 055 (917,018 VH, H_ cGOL | H—e—H 57 e (85 %58
VH, H_ bB 1L r—e—— 095 2% (01, 9% VH, H- ot 1L Hre—— 38 90 (%750
VH, H- bb 2L b 0.92 7022 (031, 018 VH, H- cg 2L H—e—n 43 92 (178 2
Comb. VH, H- b e 0.92 1016 (1040 013 Comb. VH, H- T H—9—H 10 B4 (9,
ol b b b b b b Ly e b b b L b b
06 08 1 12 14 16 18 2 22 -20 -10 0 10 20 30 40 50 60
bb cc
Hon Hon

Figure 4-46: Observed signal strength of VH (-~ bb) (left) and VH (- ¢¢) (right) process in
each lepton channel from a simultaneous fit.

NP group is thus obtained by comparing o ,,» with the one from nominal fit o ,,:
- - 2
impact = /g% — o (4-23)

For the statistical uncertainties, it is defined as the uncertainty of a fit that fix all the systematic
NPs except the floating normalizations to post-fit values. The total systematic uncertainty is

obtained by the quadratic difference between total uncertainty and statistical uncertainty.

Table 4-28 shows the breakdown table of VH (- bb) signal strength and VH (- c¢c) signal
strength. The breakdown of WH (- bb) and ZH (- bb) signal strength are also shown for

comparison.

For VH (- bb), the statistical and systematic uncertainties are at same order, with systematic
uncertainty being a bit larger. The systematic uncertainty mainly comes from the modelling
uncertainties, including the modelling for the signal and V+jets. For VH (— c¢), the statistical
and systematic uncertainties are also in the same level with statistical uncertainties being a bit
larger. The systematic uncertainty is dominated by the modelling uncertainties, especially the

top, V+jets backgrounds modelling as well as the limited MC statistics.
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4.9 Results

Channel | Expected sig. (cond. data) | Observed sig.
MVA VH (- bb)

OL 4.7 4.0
1L 5.6 5.4
2L 4.5 4.1
OL+1L+2L 8.0 7.4

Table 4-27: Expected and observed significances of VH (— bb) in each lepton channels.

LIS N L L L L I L L L L L
ATLAS — Observed

_ 1 ---- Expected
Vs=13 TeV;léiO fb [ Expected + 1o
VH, H - bb/ct [ Expected + 20

0 lepton
Exp.= 17 x SM
Obs.= 14 x SM

1 lepton
Exp.= 17 x SM
Obs.= 21x SM

2 lepton
Exp.= 18 x SM
Obs.= 22x SM

Combination
Exp.= 11x SM
Obs.= 12x SM

0 5 10 15 20 25 30 35
95% CL limiton p
VH(cT)

Figure 4-47: Observed and expected upper limit of VH(— c¢¢) in each lepton channel and
combined results.

Nuisance Parameter Ranking

The ranking of nuisance parameters are based on the impact of the NP on signal strength. The
NP is fixed to the up and down variation of their post-fit values of nominal fit and then a new
fit is performed, resulting in the fitted signal strength u’. The impact of the NP is calculated as

the difference between p” and the nominal fit result .

The ranking of the VH (- bb) signal strength from a simultaneous fit are shown in Figure 4-
48. For VH (- bb), the NPs that have leading impact on the signal strength are the ones for
signal and V+jets modelling uncertainties. The top NP is the W + hf extrapolation uncertainty
from Low AR CR to SR, which have the normalization effect on the W + hf process in 1-lepton
150 < p¥ < 250 GeV region, which is one of the most sensitive regions in VH (- bb) regime.

The variation of the major background will greatly affect the extraction of signal strength.
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Figure 4-48: Nuisance parameter ranking of VH (- bb) signal strength from a simultaneous
fit.
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4.9 Results

o

Source of uncertainty - — -
VH(> bb) | WH(- bb) ZH(~ bb) || VH(~ cé)

Total 0.151 0.200 0.220 5.29
Statistical 0.097 0.139 0.151 3.94
Systematic 0.116 0.144 0.160 3.53
Statistical uncertainties
Data statistical 0.089 0.129 0.137 3.70
tt ey control region 0.009 0.004 0.020 0.06
Background floating normalisations 0.034 0.049 0.040 1.23
Other VH floating normalisation 0.007 0.013 0.007 0.24
Simulation samples size 0023 | 0.034 0030 || 161
Experimental uncertainties
Jets 0.028 0.035 0.030 1.00
Emiss 0.009 0.004 0.018 0.24
Leptons 0.004 0.002 0.008 0.23

b-jets 0.020 0.018 0.026 0.30
b-tagging c-jets 0.013 0.017 0.012 0.73

light-flavour jets 0.006 0.009 0.008 0.67
Pile-up 0.009 0.017 0.003 0.24
Luminosity 0.006 0.007 0.006 0.08
Theoretical and modelling uncertainties
Signal 0.073 0.066 0.112 0.56
Z + jets 0.039 0.017 0.079 1.76
W + jets 0.055 0.087 0.027 1.41
tf and Wt 0.018 0.032 0.018 1.03
Single top quark (s-, #-ch.) 0.010 0.018 0.003 0.15
Diboson 0.032 0.040 0.048 0.51
Multi-jet 0.006 0.010 0.005 0.57

Table 4-28: Breakdown of contributions to the uncertainty in the fitted value of the signal
strengths for VH (- bb), WH (- bb), ZH (- bb) and VH (- ¢C)..

For VH(— cc), the NP ranking is shown in Figure 4-49. The leading NPs are the ones
for V+jets normalization factor and the V+jets modelling uncertainties. It is consistent with
the results shown in breakdown tables. The top NP is the shape uncertainty of Z + cc process
extracted with alternative MADGRAPH sample using CARL in 150 < p¥ < 250 GeV region of
all three lepton channels. It has a large impact on the high BDT bins where the signal are most

sensitive.
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Figure 4-49: Nuisance parameter ranking of VH (- c¢¢) signal strength from a simultaneous
fit.
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4.9.2 Dibosn cross-check Fit Results

The diboson cross-check fit uses the VZ(— bb) and VZ(— ¢¢) signal strength as POlIs, with
exact same fit setup. A dedicated BDT model is trained for the SRs with VZ(— bb, cé) process
as signal. The best-fit signal strength and uncertainties for VZ(— bb) and VZ(- c¢) process
are:
bb  _ +0.13 _ +0.05 +0.12
uy, =0917 =091* (stat.) (syst.)
vz 0.11 0.05 10 (4-24)

2
1

-0.
1SS, = 0.97+0-33 = 0.97+9-13 (stat.) )22 (syst.)
The results show good consistency with the SM. For VZ (- bb), the expected and observed
significance over the background only hypothesis are over 100. For VZ(— c¢c), the observed
significance is 5.30, while the expected significance is 5.2¢. This is the first observation of
VZ(— cc) process at ATLAS. The correlation between the two POI is 46%, which is mainly
coming from the common signal modelling uncertainties.

The fit with decorrelated WZ and ZZ process is also performed, the signal strength for

WZ (- bb), ZZ (- bb), WZ(— ¢¢) and ZZ(— c¢) are shown in Figure 4-50.
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Figure 4-50: Observed signal strength of WZ (= bb), ZZ(— bb) (left) and WZ (- ¢¢), ZZ(—
cc) (right) process from a simultaneous fit.

The WZ(— bb) process is observed at significance of 6.4¢. The significance of the ZZ(—
bb) process is observed to be larger than 10¢. Evidence for both WZ (- ¢¢) and ZZ (- c¢) is
found with an observed (expected) significance of 3.9¢ (2.7¢) and 3.10 (4.20) respectively.

Since the fit setup and dataset used in VH and VZ fit are same, the nuisance parameters,
especially the ones related to the background, should be consistent between the two fits. If

the MVA is well-trained and have consistent performance with data and MC, the divergence

between data and MC should be the same in two fits. Figure 4-51 shows the comparison of
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the normalization factors in two fits, and it shows good consistency. More NP pull comparison
can be found in the Appendix 6 and share the same conclusion. It means that the MVA has
consistency performance in VH and VZ, and does not bring bias to the modelling.

An alternative parameterization is studied for measuring the ratio between BR(Z — cc)
and BR(Z — bb) as it is an important observable in the electroweak measurement. It reveals
the coupling universality of b- and c¢- quarks coupling to the Z boson. The signal strength of

VZ(— bb) and VZ(— c¢) are re-parameterized to the signal strength of VZ(— bb + cc) process

and the ratio, by the following relations, with r = %:
ﬂbb — ’ubb+cc . 1
VZ VZ (1+r)-0.5569 (4-25)
r

cc _ ,,bb+cc

vz = Hvz (157 0.4431

The numerical values are derived with the standard model prediction from GFitter group!!3%],

which stands for the relative fraction of the BR(Z — bb/cc) in BR(Z — bb + cc). The fit gives:

pbbree = 0.94f8:{2 = 0.94f8:82 (stat. fg:}g (syst.)
BR(Z - cc)
BR(Z — bb)

(4-26)

= 0.85f8:%(§ = 0.85f8:{% (stat.)f8:}‘5‘ (syst.)

In comparison, the PDG group gives the measured value of BR(Z — bb) = 15.12 + 0.05% and
BR(Z - cc) = 12.03 + 0.21% from combined fit of LEP and SLC results[®].

4.9.3 STXS Fit Results

Two STXS schemes are used in the final fit, STXS13 and STXS10 as illustrated in Figure 4-28.
STXS10 do not have the jet multiplicity split and only split in p¥ for WH and ZH. STXS13
has in addition, the jet multiplicity split in the p¥ < 400 GeV regions. Figure 4-52 shows the
cross-section times BR and the signal strength of STXS13 scheme and Figure 4-53 shows the
STXS10 scheme. Note that in the STXS fit, the VH (- c¢¢) regime is also included, and the
VH (- cc) inclusive signal strength is also one POI in the fit.

The results are consistent with SM expectations within one standard deviation, except for

the WH, 400 < p¥ < 600 GeV binand ZH, p¥ > 400 GeV bin, which are the regions that have
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Figure 4-51: Comparison of floating normalization nuisance parameters in nominal VH fit
and VZ cross-check fit.
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Figure 4-52: Signal Strength (left) and cross-section times BR (right) in the STXS13 scheme.
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Figure 4-53: Signal Strength (left) and cross-section times BR (right) in the STXS10 scheme.

the small number of events. As a result, the relative low measured cross-sections may due to

the statistical fluctuation. Overall, the compatibility with SM is 90%.

The correlation between the STXS POIs are shown in Figure 4-54. In both scheme, the cor-
relation between STXS POIs are small overall, with WH POIs have a slightly higher correlation

with each other for about 10%.

4.9.4 Kappa Interpretation

The fit results of VH signal strengths are interpreted with the x framework[!°l. The signal
strengths are re-parameterized with the coupling modifiers # that is defined as the multiplying
factor applied on the SM coupling strength. In this study, the Higgs-bottom coupling modifier
i, and Higgs-charm coupling modifier x . are considered, all the other coupling modifiers are
set to the SM prediction - unity. Considering only the effects of these coupling modifiers on

branching ratios, the signal strength of VH (- bb) and VH (- ¢¢) can be written as:
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Figure 4-54: Correlation between STXS bins with STXS10 scheme (left) and STXS13
(right).

2
Kb
- 4-27
HVHbh) = TUBRSM (02 — 1) + BRI - (k2 — 1) 420
_ e (4-28)
HVH =) = T BRSM (2 — 1) + BRIM_ - (k2 — 1)

Different parameterization schemes are considered, and the results are shown in the follow-

ing:

x . Only scheme

In this scheme, only the parameterization for VH (- cc), shown in Equation4-28, is considered,

with #,, set to 1, resulting the final parameterization for VH (- cc) is:

s

T 1+BRM_.(x2-1)

h—cc

HVH(>cé) (4-29)

The signal strength of VH (- bb) process is not parameterized, and is used as a floating pa-
rameter in the fit. For the measurement of « ., profile Likelihood ratio test statistic is used, the
log likelihood ratio value with different # . is shown in Figure4-55. The observed (expected)

constraint on % . at 95% CL is [xc .| < 4.1(4.2).
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Figure 4-55: Observed (solid) and expected (dashed) values of the negative profile log-
likelihood ratio as a function of x ., is obtained in a fit with %, fixed to unity. The signal
strength 1y, _,,,p) is not parameterized but taken as a free-floating parameter in the fit. The
68% and 95% CL intervals are indicated by the vertical lines.

K and x . scheme

In this scheme, the coupling modifiers on Higgs-bottom and Higgs-charm are considered as
free parameters in the fit. The gqV H signal strength for bb or cc final state is parameterized
using the Equation 4-27 and 4-28. The ggZH signal strength is parameterized differently, since
the box diagram of ggZH process has the Higgs-bottom coupling vertex. The parameterization

of ggZH production cross-section in the % framework is:
KeezH = 245612 + 045617 — 1.903%xc 5 - 1, — 0.011x 55, + 0.003%c,%¢), (4-30)

Assuming «, and x, is unity, the signal strength of ggZH (= bbc¢) is:

2
bb Kb
bt = (1.008 — 0.008 - 1cp) - (4-31)
8sZH "1 BRSM (12— 1) + BRSM (2 — 1)
1.008 — 0.008 ufs 4-32
’ucc — ( . -0. S Kyp) < ( - )
ssZH P+ BRSM (12 — 1) + BRSM. (32— 1)

Figure 4-56 shows the observed and expected constraint on the x;, and . at 68% and 95%

CL. The profile likelihood ratio with different x, and . values are shown in Figure 4-57.
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Note that in the 1-dimensional case, the 95% confidence intervals can be set while in the 2-
dimentional case cannot, which is due to the difference of ;(2 values with different degree of

freedom.
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Figure 4-56: Observed (solid) and expected (dashed) constraint on the %, and x . at 68%

(blue) and 95% (orange) CL.
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Figure 4-57: Observed (solid) and expected (dashed) values of the negative profile log-
likelihood ratio as a function of x;, (left) and . (right), is obtained in a fit with another »
floating in the fit. The ggZH production mode is parameterized as a function of .

i Ratio scheme

In this scheme, the ratio of x. to x;, is measured. In the SM prediction, the Yukawa cou-

pling strength of Higgs to fermions is proportional to the mass of the fermions, so the cou-
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pling strength of Higgs to bottom is 4.578 + 0.008 times of the coupling strength of Higgs to

charm!'#%]. The signal strengths are parameterized as following:

K
mynenn = (o) (4-33)
K. K
Wy H (sed) = <K—b>2 : <ﬁ>2 (4-34)

where kg is the modifier of total Higgs width. ,’f—z is a free float parameter in the fit, which
means there is no assumption made for the total Higgs width. Figure4-58 shows the profile log
likelihood ratio as a function of % The observed (expected) constraint on the ratio at 95%
CL is 3.6 (3.5). The ratio equals to 4.578 is excluded in 99.7% CL, further confirming the

Higgs-charm coupling strength is smaller than Higgs-bottom coupling strength.
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Figure 4-58: Observed (solid) and expected (dashed) values of the negative profile log-
likelihood ratio as a function of z—z The signal strength 1y, .5 is taken as a free-floating
parameter in the fit. The 68% and 95% CL intervals are indicated by the vertical lines. The
green vertical line correspond to the z—z equals to 4.578, which is the ratio of bottom mass to
charm mass, indicating the case the coupling strength of Higgs-charm is same as coupling
strength of Higgs-bottom.

4.10 Conclusion

This chapter presented the results of combined analysis of search for H — ¢¢ and measurement

of H - bb in VH production mode with vector boson decay leptonically, using the full Run-2
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dataset collected by ATLAS detector. Three channels are considered based on the number of
charged leptons from the vector boson decay. A custom flavor tagger is designed to coherently
identify the b- and c- jets. The events are categorized based on the flavor tagging information.
For VH (- ¢¢), only resolved topology is considered and for VH (- bb), resolved and boosted

topology is considered.

Multi-variate analysis technique is used to separate signal and backgrounds. Dedicated
Control regions are defined and shared between resolved VH (- bb) and VH (- c¢) regimes
to better control the main backgrounds: V+jets and top process. To validate the BDT model
and fit robustness, the VZ(— bb) and VZ(— ¢¢) process are used as cross-check by measuring
their signal strength with a dedicated fit. The fit results show good consistency with SM, and

the VZ(— cc) process is observed in the first time at ATLAS with a significance of 5.3 o.

The signal strength of VH (- ¢¢) and VH (- bb) are in good agreement with SM prediction.
An observed(expected) upper limit of 11(10) times SM cross-section times branching ratio at
95% CL for the VH(— cc) process is set. The results significantly improved by more than
100% compared with last iteration thanks to the application of MVA, better tagging performance
and better background control. The results are interpreted in kappa framework. The observed
(expected) constraint on [x | is || < 4.1(4.2) at 95% CL. The ratio between x,;, and .
is constrained to be |x./xpl < 3.6(3.5) with observed (expected) data. The |x./x ;| value
corresponding to the universality of Higgs coupling to charm and bottom quarks is excluded
by a significance of 3 ¢. The cross-section of VH (- bb) process in STXS is measured, the

uncertainties improved by up to 100% compared with the previous analysis.

Compared with the previous results, the results presented in this chapter have significant
improvements. It is mostly coming from the optimization of flavor tagging scheme that has a
better flavor tagging efficiency, and the introduction of boosted decision tree for the signal and
background classification. Other minor improvements comes from various analysis techniques,
including the increased statistics and better modelling of Monte Carlo sample, coherent con-
straint on the background across VH (- bb) and VH (- ¢¢) regimes, improved Higgs invariant
mass corrections and so on. The results show good agreement with the SM prediction, pro-
viding strong evidence for the mass generation via Yukawa coupling in the BEH mechanism.

The charm quark Yukawa coupling is confirmed to be smaller than the bottom quark Yukawa
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coupling at around 3 ¢, which is crucial for the understanding of the fermion mass hierarchy

puzzle.
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Chapter 5

Searches for BSM with Combined Mea-

surements

5.1 Introduction

Since the SM is widely believed not to be the ultimate theory, the searches for the new physics
have been carried out extensively. The searches for BSM can be divided into two approaches:
direct search and indirect search. The direct searches target the new particles or the processes
that is not present in the SM, and the indirect searches target the small deviation on the SM
process brought by the new physics. Given that there is no obvious deviation from SM and
direct observation of new physics yet, it indicates that the effect of new physics at the energy
reach of current colliders may be tiny. Thus, it is beneficial to combine all the studies available

to acquire more power for the search.

The combination refers to the analysis that statistically combine individual analysis (input)
without drastically modifying the analysis strategy of each input. There are two compelling
reason to carry out the combination. Firstly, by combining different analyses that sensitive to
the same process or coupling, the increased statistic as well as the correlated uncertainties can
improve the precision of the measurements. For example, the non-resonant Di-Higgs produc-
tion in several final states, including bbbb, bbtt and bby y, that have comparable sensitivity
on the Higgs self-coupling. By combining these three analyses (or named as channels in the
combined analysis), a better constraint on the self-coupling than any individual channels can be

derived. Secondly, the combined measurement provides more comprehensive understanding of
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the theoretical model, relieving the model dependence of interpretation. For better optimiza-
tion of analysis strategy, the specific final state(s) is targeted in the single channel, providing
constraint on the specific process and corresponding couplings. Nevertheless, in some circum-
stance, the interpretation in single channel is limited to certain assumptions. For instance, in the
VH (- bb, c¢) kappa interpretation results, the hidden assumption is that the Higgs couplings
to vector bosons is not modified, i.e. the VH production cross-section remain the SM predic-
tion, which is usually not the case in the beyond SM Higgs sector. Meanwhile, if combining
the VH(— bb, c¢) measurement with other H — V'V measurements, the HVV and Hbb/cc
couplings can be floated and measured at the same time. This will also be beneficial in the
search for the BSM model that enhance these couplings at the same time.

As aresult, the combined measurement provides a coherent and more precise picture, mak-
ing it a perfect portal to search for the new physics which is not sensitive in single analysis due
to the limitation of statistic. In this chapter, in total of three sets of combination of different
measurements are performed, and their results are used for the interpretation of new physics

models:

1. The combined SM Higgs coupling measurements. It makes use of an unprecedented
number of SM Higgs production and decay process to scrutinize its interaction with ele-
mentary particles. The combined coupling strength results are published in Refl!] for the
10" anniversary of the Higgs boson discovery, providing the most stringent and compre-
hensive measurements on the Higgs properties, making it an ultimate test for the SM.

2. The combined resonant Di-Higgs production searches. In many BSM models that extend
the Higgs sector, there typically exist one additional neutral scalar boson (denoted as X)
with sizeable couplings to the SM-like Higgs boson. If my > 2my, the existence of X
could be detected through its decays to Higgs boson pairs. Several final states are targeted
in the searches carried out by ATLAS. In this thesis, three final states: bbbb, bbtt and
bby y are used in the combination.

3. The combined electroweak precision measurements. The electroweak process, namely
the process dominated by electroweak interactions, as well as the fundamental parame-
ters in electroweak sector such as the Z and W boson mass, has deep connection with

the BEH mechanism. These processes and parameters are measured in electron collider
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such as the Large Electron-Positron Collider (LEP) and several low energy deep inelastic
scattering experiments like CHARM in high precision. A collection of these electroweak

measurements are combined in this thesis.

These combined measurements are interpreted in two kinds of BSM theoretical frameworks:
The BSM UV models and the Standard Model effective field theory (SMEFT). The UV model
refers to the ultraviolet complete models, while “ultraviolet” stands for the model that is well-
defined at much higher energy than the reach of current experiment, e.g. the electroweak scale.
The ultraviolet complete models are required to be renormalizable. Several popular BSM UV
models have been introduced in Section 2.3, including the 2HDM and MSSM that will be used
for interpretation in this thesis. These models can be searched via either direct approach or the
indirect approach. Since these models usually predict the new particle presents at very high
mass, its impact at low energy hardly relies on the details of the new physics (e.g. the mass of
new particles and coupling strength). In this case, the SMEFT can be used for the approxima-
tion of the BSM behaviors at low energy, acting as a perturbation theory. The SMEFT builds
the interactions using the SM particles and fields, which can have the canonical mass dimen-
sion larger than 4, making it non-renormalizable. Compared with BSM UV models, SMEFT
drastically simplify calculations by only focusing on relevant degrees of freedom. Additionally,
SMEFT contains a systematic parametrization of the neglected physics in a model independent
manner. By comparing the effect of BSM UV model and of SMEFT operators, it is also possible
to translate the effect from SMEFT to the one from UV model, which is referred as "matching”.
With all these advantages, the SMEFT is a popular theoretical framework for the indirect search
of new physics. In this thesis, the BSM UV model interpretation is carried out for the combined
SM Higgs coupling measurements and the combined resonant Di-Higgs production searches.
The SMEFT interpretation is performed for the combined SM Higgs coupling measurements
and the combined electroweak precision measurements.

This chapter is organized to present these three studies separately: The EFT and BSM UV
model interpretation of combined Higgs measurements, the BSM UV model interpretation of
combined Di-Higgs resonant searches and the Top quark EFT study using electroweak preci-
sion measurements. In each section, the details of input analyses, statistic description and the

interpretation results will be shown.
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5.2 Interpretation of Higgs Combination

The Higgs boson sits at the heart of SM, which is also the focus of many BSM theories. In
several BSM models, the properties of Higgs boson is predicted to be different from SM, such
as the coupling strength of Higgs boson with other particles, making it a perfect portal to search
for the new physics. Thus, to characterize experimental deviations from the SM predictions
pointing towards the structure of BSM physics, the combined Higgs boson measurements pre-
sented in the Refl!! for the 10 anniversary of the Higgs boson discovery are interpreted in the

context of different theoretical models.

Two sets of interpretations of the combined Higgs boson measurements are presented in
exclusive kinematic regions of the production phase-space, defined within the Simplified Tem-
plate Cross-Section (STXS) framework. The first one is based on the Standard Model Effective
Field Theory (SMEFT) which provides a consistent approach to probe BSM physics in a model
independent way. The second set based on the BSM UV models such as Two Higgs Doublet
Models (2HDMs) as well as dedicated benchmark scenarios of the Minimal Supersymmetric
Standard Model (MSSM). This section will mostly focus on the interpretation of specific UV
models, the results of EFT interpretation will be mentioned briefly. Additionally, the matching
from EFT constraints to the UV models is presented, which tests whether EFT could be a good

approximation of high energy scale theory at low energy.

5.2.1 Input Measurements

The results of this analysis are based on proton-proton collision data collected by the ATLAS
experiment in 2015-2018 at a centre-of-mass energy of 13 TeV. Input analyses for both the
SMEFT and BSM interpretations are summarized along with the targeted Higgs decay chan-
nels, production modes, their integrated luminosities and the STXS binning in Table 5-1. The
differential combination is based on the H — yy and the H— ZZ*— 4¢ fiducial differential
analyses. Further details on the different analyses can be found in the references provided in

the table.
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. Analysis “%il Reference  Binning = SMEFT 2HDM and

Decay channel Production mode [fb 7] (h)MSSM
H-yy (ggF, VBF, WH, ZH, ttH, tH) 139 (141] STXS-1.2 4 v
H->Z7Z7Z* (ZZ* — 4¢: ggF, VBF, WH + ZH, ttH + tH) 139 (142] STXS-1.2 4 v
(ZZ* - vy /elqq: ttH multileptons) 36.1 (1431 STXS-0* v
H-rtt (ggF, VBF, WH + ZH, ttH + tH) 139 [144] STXS-1.2 v v
(ttH multileptons) 36.1 [143] STXS-0* v
H-> Ww* (ggF, VBF) 139 [145] STXS-1.2 4 4
(WH, ZH) 36.1 [146] STXS-0* v
(1tH multileptons) 36.1 (143] STXS-0* v
H - bb (WH, ZH) 139 [147-148]  QTXS-1.2 v v
(VBF) 126 (1491 STXS-1.2 v v
(t7H + tH) 139 11501 STXS-12 v v
(boosted Higgs bosons: inclusive production) 139 (st STXS-1.2 v v
H-Zy (inclusive production) 139 (152] STXS-0* v v
H- pu (ggF + ttH + tH, VBF + WH + ZH) 139 (s3] STXS-0* v v

Table 5-1: Input analysis of the combined Higgs boson measurement, the decay channels, tar-
geted production modes, integrated luminosity, the phase-space binning, and the models used
for interpretation are reported. The differential cross-section measurements are independent
and target a subset of all considered operators. All the inputs used for the STXS SMEFT in-
terpretation are also used for the mapping SMEFT to 2HDM .

5.2.2 EFT Interpretation

As introduced in Section 2.3.3, Effective field theories (EFTs) provide a consistent approach
to probe the presence of BSM physics in a model-independent way at the LHC, even if the
energy scale, A, of the new physics phenomena, is not directly accessible at the LHC. If this
scale fulfills A >> v, where v is the vacuum expectation value of the Higgs field, the new
physics decouples from the SM, which can be approximated as no new on-shell intermediate
state is produced. In this case, an expansion of the Lagrangian in canonical dimensions < can
be performed. The precision of the theory is chosen by the cut-off scale of the expansion, which
is set to be A = 1TeV. In this analysis the “Warsaw” basis!!>#! is used, which forms a com-
plete, non-redundant set of dimension-5 and -6 operators allowed by the SM gauge symmetries.
Furthermore, the top-flavour symmetry scheme is employed, which assumes a U(2)3 symme-
try in the quark sector, while in the lepton sector, a U (1)13+e symmetry is assumed. The lone
dimension-5 operator is neglected assuming lepton number conservation, leaving dimension-6

operators as the leading-order terms in the expansion.
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Operators directly relevant to Higgs processes are shown in Figure 5-1. A detailed descrip-

tion of the procedure can be found in Refl!>3],

Under SMEFT, the scattering amplitude of a process with dimension-6 operators included

is given by!:

Msyierr? = | sl +2 Y, ERe( M3 O + Y <L (070,), (D)
i i,

where o\ is the SM amplitude, o;,; describes the interference between the BSM physics and
the SM, and oggy is a pure-BSM part that does not depend on the SM amplitude. Due to
their dependence on the associated Wilson coefficients, the interference terms are referred to
as the “linear” terms and pure-BSM as “quadratic”. The linear terms, suppressed by A2, are
the leading-order modifications to cross-sections and decay widths. The quadratic terms are
suppressed by A~*, and thus expected to be sub-leading for measurements within the accuracy
of Higgs measurements at the LHC. However, they can become important in certain regions of
the phase space as well as prevent negative cross-sections when only considering linear terms.
The interference between SM and dimension-8 operators is also suppressed by the same factor.
Since no calculations based on a complete basis are currently available, these (and higher-order

terms) operators are neglected in this analysis.

As a result of Equation 5-1, the cross-section of a specific process as predicted by SMEFT

receives three contributions,

OSMEFT = OsM + Oint + OBSM> (5-2)

corresponding to those from the SM, linear, and quadratic terms as described above. An anal-

ogous form applies to the decay widths.

Some eigen directions in the EFT basis are not constrained by the data and are the so-called
“flat directions” of the likelihood. These can be single operators or combinations of them.
The most straightforward way to find the sensitive parameters would be to evaluate the fit for all

possible combinations of Wilson coefficients. However, this is computationally not manageable

1 EFT effects on PDFs, parton showers, detector interactions, etc. are not taken into account.
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Figure 5-1: Definition of the relevant EFT operators impacting the Higgs boson production
and decay. The operators are given in the Warsaw basis, follows the convention of Ref{156],



Chapter 5 Searches for BSM with Combined Measurements

due to the large number of combinations. The sensitivity of the measurement to different Wilson
coeflicients is therefore evaluated using the covariance matrix, by the Principle Component
Analysis (PCA). Due to the fit can hardly converge when fitting all the wilson coefficient at the
same time, the PCA is applied separately to several groups of operators, which is grouped based

on the similar physics impact on the observables.

Figure 5-2 shows the impact of operators in the rotated basis ¢’ on the STXS regions.
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Figure 5-2: Impact of coefficients of the rotated basis ¢’ on the STXS regions, relative to the
SM cross-section, under the assumption of the linearised SMEFT model (shaded histogram)
and the SMEFT model including quadratic terms (open histogram). For all coeflicients, a
variation equal to the expected uncertainty when using the linearised model is shown. .

A standard likelihood is built for the derivation of best-fit and constraint on the Wilson
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coeflicient
L(Nglp,0) = [ ]Poisson (N lsc(p.0) -£57(8) + by (), (5-3)

where Ny, is the observed event count of bin r in region k, s; is the expected signal count
in region k, fEr s the expected fraction of the signal in region k that is contained in bin r,
and by , represents the expected event count from background processes. The ensemble of
parameters of interest pt describes the Higgs boson signal normalisation, while @ represents the
set of nuisance parameters taking into account the systematic uncertainties that originate from
theoretical and experimental sources, as well as additional degrees of freedom without prior
constraints such as background yields or normalisations in some of the input channels. The full
likelihood function is then the product of the likelihood functions for each signal region k and
of Gaussian or log-normal probability density functions that constrain the nuisance parameters.

Figure 5-3 and Figure 5-4 show the expected and observed results using linear and quadratic

model respectively.
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Figure 5-3: Comparison of the expected (gray) and observed (blue) parameters of the rotated
basis ¢’ with the SMEFT linearised model, where all other coefficients and nuisance param-
eters are profiled. The middle panel shows the symmetrized 68% CL uncertainty ¢ of each
parameter measurement (left vertical axis) and the corresponding energy scale A /o that

is probed (right vertical axis). The bottom panel shows the measured parameter value (dot)
and 68% (solid line) and 95% (dashed line) CL intervals, divided by the symmetrised un-
certainty shown in the middle panel. The p-value for the compatibility of the data with the
Standard Model expectation (all coefficients vanishing) is 94.5%. The top panel shows the
expected breakdown of contributions to the sensitivity of each measurement from the various
measured Higgs boson decay and production modes. Green shades represent production and
decay modes with Higgs boson couplings to vector bosons, red shades represent modes with
Higgs boson couplings to fermions, and blue shades represent modes with loop couplings. .
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Figure 5-4: Comparison of the expected (gray) and observed (orange) parameters of the ro-
tated basis ¢’ with the SMEFT model with quadratic terms, where all other coefficients and
nuisance parameters are profiled. The top panel shows the symmetrised 68% uncertainty o

of each parameter measurement (left vertical axis) and the corresponding energy scale A /Vo
that is probed (right vertical axis). The bottom panel shows the measured parameter value and
68% (solid) and 95% (dashed) CL intervals, divided by the symmetrised uncertainty shown in
the top panel. Some of the observed intervals shown are clipped off. .
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5.2.3 BSM Interpretation

One of the important question about the Higgs observed now is whether it is the only Higgs
boson as predicted by the SM, or is part of an extended scalar sector, such as the ones with an
additional doublet as predicted by many BSM UV models. Being complementary to the direct
searches of the particles predicted in those BSM models, the coupling measurements of the SM

Higgs boson can indirectly impose stringent constraints on their parameter space.

The input analyses used in BSM UV model interpretation is mentioned in Table 5-1. Since
the prediction of BSM models are given inclusively, the combined workspace is parameter-
ized into the inclusive signal strength (u) of separate production and decay processes. In this
p—workspace, the POIs are the ratio of the observed results of total Higgs width, decay width
and cross-section to their Standard Model values. So for a given production mode j and decay
mode 7, the expected number of events when the POlIs are set to specific values could be written

as:
ri - T3M (m;, = 125 GeV)

N,..=%-(ri c3M@m, = 125 GeV)) - 5-4
“p AR ) rl - TSM (my, = 125 GeV) G4
where the POIs is derived from:
rt r 9;
rr = = —e = (5-5)
r,’ " FZSM J T oSM

The SM prediction, denoted by the label “SM”, by definition corresponds to POIs equal to 1.
For the 2HDM, these ratios are derived using the kappa framework, where the coupling strength
modifier are related to the free parameters of 2HDM. For MSSM, the loop effect makes the
analytical form of coupling strength modifiers difficult to derive. Thus, theorists provide several
kinds of information based on the simulation in the format of a ROOT file, which can be used
to compute the corresponding values of POIs when the two parameters are set to a specific
value. Table 5-2 lists all the POIs included in this study as well as the MSSM prediction and SM
prediction that is used to get the value of POI. Note that the cross-section or decay width for both
MSSM prediction and SM prediction is related to the Higgs mass. In the MSSM benchmark
scenarios, the mass of the light scalar h (m;Z) is allowed to be in the range of 125 + 3 GeV

[157-158]

considering the effect of missing high order loops . The missing high order loops can
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be used to compensate the mass difference between the predicted Higgs mass and the observed
value (125.09 GeV) that up to 3 GeV. As a result, the Higgs mass in the input workspace
is still taken as the observed value and thus the uncertainty of the Higgs mass prediction is
also neglected. However, the prediction of MSSM models are given with the shifted Higgs
scalar mass (m;l), so the SM prediction of cross-sections and Branch Ratios for calculating the
ratios are also taken with this shifted mass. A more detailed discussion of the POI computation

strategy will be stated in the following part.

Production POI Expression Decay POI Expression
VBF rvBF 0.73ry, + 0.27r, h->WW T'w T, BR, ww/TiMw
ggr TegF U;,gp/ﬂifp h— 27z 'z U} BR, 77 /T3%,
1tH 47924 Tl Ooty h — bb "y L BRI/ T30
tHW rHwW 2.9091,> + 2.310ry, — h-rtt Ty I, -BR, . . /T3M
4.2201c; \[ry
tHg ity 2.6331,> + 3.578ry, — h- up T, T, -BR,.,./T™,.,
5210, fry,
qqZH 4 F;l ) BRZ%ZZ/I—E}—‘:[ZZ h- |84 ry r;l i BR;lﬁyy/riyyy
qqWH Fw L} BR, ww/TiMw h— gg re T, -BR;qgg/Fiﬁ’Igg
bbH TbbH U;;bH/Gi;yH h - Z)/ rZ)/ r;’l i BR;zﬁZy/ril—‘:lZy
ggZH TooZH 2.456r, + 0.456% > — r, rr I,/ T3M
1.903rxc;
-0.011\r r, +
0.003%7fr,

Table 5-2: List of POIs involved in the current analysis; they are defined as the branching
ratios or decay widths divided by their SM prediction. The MSSM input predictions are pro-
vided in the ROOT file, noted with an apostrophe, with the Higgs mass equals to the MSSM
predicted value (m;l) instead of 125.09 GeV. The SM value can be found in!">°!, with the as-
sumption that the Higgs mass equals to the predicted value (my),)..

For the total Higgs width, the MSSM prediction is available directly, so the u can be com-
puted accordingly. For all the decay width, what contains in the ROOT file is the MSSM pre-
diction for Branch Ratio (BR), and the MSSM decay width is then calculated by multiplying
total Higgs width and the BR.

r, I, - BR;

r,= —e——— (5-6)

r = = . =
M) T M ()

where the term with apostrophe stands for the MSSM input provided in the ROOT file with the
Higgs mass equals to the MSSM predicted value. The meaning of the apostrophe is the same

in the following part.
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ggF,bbH and ttH production For ggF, bbH and ttH production, MSSM prediction of cross-
section is available. Note that the SM predictions provided by the LHCHXSWG are calculated
to the ’state-of-the-art’, while the MSSM predictions are calculated to a lower order. In the
ROOT file, the SM predictions which are calculated to the same ’lower’ order are provided.
So, the rescaling factors of these production modes, that only consider the MSSM effect on the
couplings, are given by dividing the MSSM prediction with the SM prediction that shares the

same Higgs mass (m),).

VBF and gqqVH production For ggVH production, where the V could be Z or W boson, it
shares the same modifier » with decay width of corresponding 4 — V'V as they all have h/VV
vertex in the diagrams. It is believed that the MSSM has the same effect on the # — V'V and
these two production modes. For VBF production, the modifier uses the SM # framework
parameterization. Actually, in MSSM models, the rescaling factor for h - ZZ and h - WW
should be the same. However, due to the precision of calculation and numerical numbers, they
are not totally equal but very close to each other. Validation has been conducted to confirm that
there are negligible changes between using the SM x framework parameterization and using

the same rescale factor forh - ZZ orh - WW.

tH and ggZH productions In the absence of better information about them, the tH and ggZH
production modes are parameterized as functions of the Higgs couplings as in the x-framework.
This typically assumes that the MSSM does not affect significantly the loops, but only the ver-
tices. In any case, the effect is expected to be small as these production modes have a subdom-

inant impact on the results.

Two-Higgs-doublet models

In 2HDM, the Higgs sector is extended by introducing one additional doublet of the complex
field[19-24-25.160] " The model considered here assumes CP conservation and a Z, symmetric
potential, which result in 5 Higgs bosons after electroweak symmetry breaking: two neutral
CP-even Higgs bosons H and S, one neutral CP-odd Higgs boson A, and two charged Higgs

bosons H*. The masses of S, A and H* are assumed to be heavier than the one of the SM Higgs
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5.2 Interpretation of Higgs Combination

boson H, so that there is no new decay channel of the SM Higgs boson H opened and its total
width is not modified.

The Z2 symmetry of the potential constraints flavour changing neutral currents at tree-level
(see Glashow-Weinberg condition!'®1-1621) 'which are strongly constrained by existing data, and
implies that all right-handed quarks of a given charge must couple to a single Higgs multiplet.

Accordingly, 4 types of 2HDM are defined:

Type I: one Higgs doublet couples to vector bosons, while the other couples to fermions.

The first doublet is “fermiophobic” in the limit that the two Higgs doublets do not mix.

* Type II: this is an “MSSM-like” model, in which one Higgs doublet couples to up-type
quarks and the other to down-type quarks and charged leptons. This model is realised in
the Minimal Supersymmetric Standard Model (MSSM).

* Lepton-specific: the Higgs bosons have the same couplings to quarks as in the Type I
model and to charged leptons as in Type II.

* Flipped: the Higgs bosons have the same couplings to quarks as in the Type II model and

to charged leptons as in Type 1.

The Higgs sector of the 2HDM models discussed here can be described by 7 parameters: 4
Higgs boson masses (my, mg, my and my-), tan B, cos(f — a) and my,, where tan g stands

for the ratio of the vacuum expectation values of the two Higgs doublets (tan § = v, /v, with

v?+v2 = v2 = (246 GeV)?), « for the mixing angle of the 2 neutral CP-even Higgs states, and

the Higgs potential parameter m%z.

Coupling scale factor Type 1 Type II Lepton-specific Flipped
Ky Sp-u
K, Sp_g *Cp_gltan B sg_, +cp_ Jtan B sp_, +cp_ ftan B sp_, +cp_/tan B
K4 Sp_g *Cp_gltan B s tanBcy ,  sp_, tcp_ltanf sp tanBcg_,
K, Sp_g tCp_gltanB s, tanBcy , Sp_gtanfcy_, Sp_, +cp ,/tan B

Table 5-3: The scale factors (coupling modifications with respect to SM) at lowest order for
the SM Higgs boson H couplings to vector bosons «y,, up-type quarks #,, down-type quarks
i 4, and charged leptons #x;, parameterized by tan B and cos(f — a) in 2HDMs 4 different
types. ¢g_, stands for cos(B — «) and s_,, for sin(f — a)..

The interpretation of 2HDM applies to the case near decoupling limit where the heavy

fields decouple from the light fields. The decoupling limit in 2HDM is given by Refl?]. In the
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decoupling, the masses of the heavy Higgs bosons relate to the scale of New Physics (A)

mi ~ m%,o ~ m%,i =M? > vz,m% ~ 2 (5-7)
Near the decoupling limit, the light Higgs in 2HDM can be considered as the SM Higgs, the
heavy Higgs is heavy enough to have negligible loop contribution to the SM Higgs process.
There is another alignment limit which is also crucial in 2HDM, where the cos(f — a) = 0. In
the alignment limit, the heavy Higgs sector completely decouple with the light Higgs one, and

the light Higgs sector falls back to the SM.

With the assumptions described above, the scale factors for the SM Higgs boson H couplings
(rcy, %, K4, 1) to vector bosons, up-type quarks, down-type quarks and leptons, respectively,
are parameterized with tan g and cos(f — «) in 2HDM, as shown in Table 5-3 for all the 4
typesl'®3]. The measurements of the SM Higgs boson H in different production and decay

modes are used to constrain the 2HDM parameters tan 8 and cos(f — a) via the x parameters.

At cos(B — a) = 0, the SM alignment limit is defined!>!, in which all the Higgs boson H
couplings acquire their SM values respectively. At cos(f + a) = 0, the wrong-sign Yukawa
limit is defined!!®4-163] in which at least one of the Higgs boson H couplings to down-type
quarks and leptons are opposite in sign to the corresponding SM values. For example, the Type
IT model has an opposite sign on the Higgs boson H couplings to both down-type quarks and
leptons, the Flipped model has it only on the ones to down-type quarks, and the Lepton-specific

model has it only on the ones to leptons which is also called symmetric limit.

The self-coupling dependence in the 2HDM model is derived from the tri-linear hhh cou-

pling given in!!%0] as,

3 m? m?
1, =sin” (B —a)+(3-2—5) cos*(B —a)sin(f—a) +2cot2B(1-—) cos® (B —a) (5-8)
miy, miy,

where m is an additional free parameter which can be written in terms of the Higgs potential

parameter as m?, as,
2
m
o 12
m = ———— 5-9
sin § cos B (5-9)
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5.2 Interpretation of Higgs Combination

The parameter relates to the heavy Higgs boson mass,m,, as follows,

M3t
"_1%2 — anﬂ (5-10)
I +tan” B

Therefore, the new mass parameter, m, can be re-written as,

Mg.tanﬁ
(sin Bcos B)(1 + tan? B)

_ My (5-11)
cos? B(1 + tan® B)

2:

m

:MZ,

The self-coupling dependence in the x framework is parameterized by #x ;. The parame-
terization of « , is based on the NLO-EW correction to single-Higgs production and decay is

taken from!167!,

Introducing the dependence on x , brings an additional dependence on the
mass of the heavy Higgs boson. In this study, since it does not directly probe the production of
the heavy Higgs boson, it is chosen that M, = 1 TeV. This choice is also consistent with the
new physics energy scale A used in EFT, and their further relationship in self-coupling will be

discussed later.

The regions of the (tan ,cos(fB — «)) plane expected to be excluded at 95% CL for the 4
types of 2HDM models are shown in Figure 5-5. The parameters « and g are required to satisfy
0< B <m/2and 0 < B — a < o without loss of generality.

There is a physical boundary xy, < 1 (V = W,Z) in all four 2HDM types, to which the
profile likelihood ratio is restricted. The data are expected to be consistent with the SM align-
ment limit. In the upper right plane of Type II, Lepton-specific, and Flipped models, there is
a narrow curved petal region of allowed parameter space that is not expected to be excluded.
These correspond to regions with cos(f — @) = 0, for which some fermion couplings have the
same magnitude as in the SM, but the opposite sign. These couplings are measured with in-
sufficient precision to be excluded. There is no upper petal in the Type I mode given all the
Yukawa couplings are identical.

Similar petal regions without exclusion could happen to the low right plane. This corre-

sponds to an opposite sign on the Higgs H boson couplings to all fermions in Type I, up-type

181



Chapter 5 Searches for BSM with Combined Measurements

quarks in Type II, all quarks in the Lepton-specific, and lastly up-type quarks and leptons in the
Flipped. However, they do not appear thanks to the top quark coupling that is well constrained
in the production: both directly with ¢7H and in the loop with ggF and in decay in the loop
decay to diphotons.

For the Type-I model, the observed and expected regions excluded at 95% CL when the «
constraint is considered are also shown in Figure 5-5. By considering the loop effect of « ,, the

expected constraint at high tan g region is improved by nearly 100%.

EFT-matching Constraints

As the behaviors of high energy scale UV model at low energy can be described using EFT
framework, it is possible to translate the constraint on EFT coefficients to the constraint on
BSM parameters, which is named as matching. This matching can validate whether the EFT
is the low energy approximation of UV models. Theorists have provided the matching rule for
various models. In this analysis, the 2HDM is used to perform such matching since it only
modify the Higgs sector thus the Higgs operators in EFT is most sensitive in the measurements
considered in this analysis.

The SMEFT matching of the 2HDM model applies in the decoupling limit of the 2HDM.
In the exact alignment limit, cos(f — @) — 0, SMEFT operators are not generated at tree-
level but appear at 1-loop. Away from the alignment limit, tree-level contributions to the Higgs
Yukawa couplings are generated, along with a correction to the Higgs trilinear coupling. The
relevant Wilson coefficients (c.z7 22, Copr 335 C1ps Copr» Cp) are expressed in terms of cos(f — a)
and tan B through a parameterization given in Table 5-411681 It should be noted that all the
Yukawa coupling modifier parameterization are given in linear expansion as it is the leading
order effect. The coupling of Higgs to vector boson is not considered in the mapping since
it only presents at D = 8 operators. This can be understood by expanding the vector boson

coupling modifier in 2HDM:

sin(f—a) = \/1 —cos(f —a)? = 1—%cos(ﬁ—a)z—%(cos(ﬂ—a)4)+0(cos(,3—a)6) (5-12)

, where the cos(f — «) only presents at O(cos(f — @))2. All other Wilson coefficients not
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Figure 5-5: Regions of the (tan g,cos(f—«a)) plane in 2HDM excluded by fits to the measured
rates of Higgs boson production and decays: (a) Type I, (b) Type 11, (c) Lepton-specific and
(d) Flipped. The likelihood contours correspond approximately to the 95% CL (i.e. 2 std. dev.
at -2InA = 5.99) are indicated for expectation for the SM Higgs sector. For the Type-I model,
the observed and expected regions excluded at 95% CL when the « ; constraint is considered
are also shown (solid and dashed blue lines). .
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mentioned are fixed to zero as they are not considered to be modified in the 2HDM model.

SMEFT parameters Type | Type I Lepton-specific Flipped
e Yy ltan B ~Yicp,/tanf Y, /tanB Y, ,/tan B
:Aiz” ~Yycp ,/tanB  Yycp ,tanf —Y,cp ,/tanf  Y,cp ,tanf
g ~Y,cp o /tanB  Y,cp tanfB  Y,cp ,tanp  —Y,cp . /tan B
ZA—H “Y,cpaltan B ~Y.cp,tanB  Yecs,tanB  —Y.cs,/tan
— A ch_ M3 /v? ch_ M3 /v? ch_ M3 /v? ch_ Mz /v?

Table 5-4: The Wilson coefficients at lowest order for SMEFT, modifying the Yukawa cou-
plings ¢;p7, Cpp» Copy 33, and ¢, gy 2o for the top quark, bottom quark, =, and p parameterised
by tan B and cos(f — a) in 2HDMs 4 different types where c5_,, stands for cos(f8 — a). cy
corresponds to modification to the self-coupling of the Higgs and M corresponds to the mass
of the Heavy Higgs bosons in 2HDM. Y; corresponds to y/(2)m; /v. For the purposes of this
analysis, M, = A = 1 TeV is considered. The parameterization is taken from Ref{!68],

The self-coupling modifier # ; can be mapped to the SMEFT equivalent as follows!!56-1691:

2
V2CHI:J B VZCHDD CCHia1 CHi 22 ViCua221 vch

=1+
2 A2 4A2 2A2 2A2 2A2  JA2

(5-13)

, where the parameter A is given by 1 = (G * m%) /N2. The cyo and cypp provides the extra
kinematic structures, which is not considered in this analysis. As a result, only ¢ is considered

in the matching to 2HDM.

VZCH

AAN2

K, =1- (5-14)

To better understand the relationship of A in SMEFT and M, in the 2HDM, it is instructive to
re-write the Equation 5-8. The sin(f — a), cos(8 — a)? term and the cos(f8 — )3 terms can

d
be neglected as they are of 0(%), d > 4. The remaining terms can be written as:

-9 C2 M2
m p—a’"A
K 2 cos?(B - a) 2 (5-15)
By comparing with Equation 5-14, it can be obtained that
view _ o 21,2

This relationship reveals the connection between SMEFT energy scale and the new particles in

UV models. The higher M, is, the larger impact of 2HDM modification on the self-coupling
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5.2 Interpretation of Higgs Combination

becomes. By absorbing this impact into the EFT operators, the constraint on the corresponding
coeflicients will be tighter, which indicates a higher energy scale probed. Thus, it is natural to
choose the same value for M4 and A.

Figure 5-6 shows the comparison of direct interpretation (based on x framework, so named
x approach) and EFT matching approach in four scenarios of 2HDM. For Type II, Lepton-
specific and Flipped scenarios, the results are very similar, which proves that EFT can be a very
good approximation of the UV models. The petal regions, however, is not present in the EFT
matching approach, since the parameterization of Yukawa coupling is given in linear expansion.
For the Type-1 2HDM, the constraint obtained from EFT matching approach is looser than the

#c approach. This is due to the absence of HV'V coupling in the EFT matching approach.
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5.2 Interpretation of Higgs Combination

MSSM benchmark scenarios

Supersymmetry!70-178] provides a mean to solve the hierarchy problem by introducing super-
partners whose radiative corrections to the Higgs boson mass cancel those of the corresponding
SM particles. Many supersymmetric models also provide a candidate for a dark matter particle.

Minimal Supersymmetric Standard Model (MSSM)[179-1831 is one of the most popular ex-
tension of SM. Its Higgs sector consists of two SU(2) doublets, H; and H,. The spectrum of
physical Higgs bosons consists of two neutral CP-even scalars, of which we denote the lighter
as h and the heavier as H, one CP-odd scalar, A, and a charged-scalar pair, H*.

In the Minimal Supersymmetric Standard Model, the mass mixing matrix for the neutral,

CP-even Higgs bosons is:

0 0

)
sin2 (B)

cosZ () —cos(B) sin(B)

ME = (mZ+8,)
—cos(B) sin(B) sin”(B)

2
+niy

sin’(B) — cos() sin(B)
+
—cos(f) sin(B) cos?(B)

] (5-17)

where &, and § are radiative corrections involving primarily top quarks and stops.

In MSSM, there are numerous free parameters, which makes the complete scan of these
parameters impractical. As a result, several benchmark scenarios have been proposed over the
years. They can reduce the number of free parameters by making some assumptions. In this
study, seven scenarios are selected and in these scenarios, two parameters in Higgs sector are
varied. For the CP-conserving cases analysed here, the two parameters are usually M4 and tan 8
(where A is the pseudoscalar CP-odd Higgs boson).

Detailed information on the benchmarks and their specific parameter settings can be found
inl184-185] " For all the scenarios used in this study, the role of SM-like Higgs is played by the
light CP-even scalar, 4. And in most of the scenarios except M %Zs(alignment), the mass splitting
between the 4 and other scalars is so big that the interference between them is negligible. In

the allowed region of M ézs(alignment) scenario, the interference effect is also very small as the

tree-level mixing cancels with the radiative correction.

M }11 25 scenario In this benchmark scenario, all superparticles are chosen to be so heavy that
production and decays of the MSSM Higgs bosons are only mildly affected by their presence.
The loop-induced SUSY contribution to the couplings of the light CP-even scalar is small, and

the heavy Higgs bosons with masses up to 2 TeV decay only to SM particles.
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M ,{25 (CPV) scenario This scenario is characterized by CP violation in the Higgs sector and

provides an illustration of the interference effects in Higgs production and decay.

M }l 23(7) scenario This scenario is characterized by all charginos and neutralinos being rel-
atively light, with significant higgsino-gaugino mixing. This affects the decays of the heavier
Higgs bosons, weakening the exclusion bounds from H/A — Tt searches, as well as the decay
of the SM-like Higgs boson to photons. On the other hand, the possibility to look for additional

Higgs bosons through their decays to charginos and neutralinos opens up.

M ,125(%) scenario This scenario is characterized by light staus (the superpartner of ) and
light gaugino-like charginos and neutralinos. The effect of the light staus on the decays of
the heavier Higgs bosons, as well as on the decay of the SM-like Higgs boson to photons,
is most relevant at large tanf. Compared with the previous scenario, a larger mass for the
higgsinos implies that the decays of the heavier Higgs bosons to charginos and neutralinos

become relevant at larger values of M.

M }l 25(alignment) scenario This scenario is characterized by the phenomenon of “alignment
without decoupling”, in which, for a given value of tan 8, one of the two neutral CP-even scalars
has SM-like couplings independently of the mass spectrum of the remaining Higgs bosons. In
particular, for tan 8 around 7, the properties of the lighter scalar h are in agreement with those

of the observed Higgs boson also for relatively low values of M.

M IPESFT scenario This scenario is characterized by a flexible Mg, ¢y that is raised to very high
values (6—10!3 TeV) to reach M), ~ 125 GeV. In all the original benchmark scenarios presented
above, the supersymmetric partners of the SM fermions (sfermions) are tied to the TeV scale.
In this case, the parameter region tan < 5 is ruled out because the mass of the SM-like Higgs
boson is predicted to be lower than the measured value. To re-open the parameter region of low
tan 8 values, the sfermion mass scale, Mgy is adjusted dynamically from 6 TeV to 10'6 TeV
to achieve a 125 GeV Higgs. Higher Mg, gy is impractical as it is larger than the GUT limit. The
SUSY contribution to the Higgs properties is calculated with the effective field theory (EFT).

Like the M }l 25 scenario, all superparticles are chosen to be so heavy that production and decays
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5.2 Interpretation of Higgs Combination

of the MSSM Higgs bosons are only mildly affected by their presence.

M }HESFT () scenario Incontrastto the M ,HESFT scenario, this scenario features light neutralinos
and charginos whose presence significantly alters the Higgs phenomenology. The SUSY scale

is again adjusted at every parameter point to obtain a light Higgs mass of M;, = 125 GeV.

hMSSM scenario hMSSMI!86-187] "which assumes that the superpartners are heavy (apart
from the Higgs sector particles) and the lowest order relations hold. The scenario is a conve-
nient approximation, which allows a simple parametrization of the couplings. The AMSSM is
not valid for low tan g values (©O(1) or lower). Missing radiative corrections also lowers the
precision of the approximation at high tan g values (© (10) or larger). Due to the lowest order
mass relation among the MSSM Higgs bosons the approximation breaks completely for low m14

and low tan 8. Detailed discussion of its validity and prediction can be found in Refl!88!

The trace of the mass mixing matrix is taken and evaluated at the light Higgs boson mass of
125.09 GeV, allowing the §; and & corrections to be determined as a function of m4 and tan .
Neglecting the sub-leading correction &, then by substituting for § the mass mixing matrix is
fully determined by m, and tan . This matrix is diagonalized to find the eigenvectors, and in
particular those components of the eigenvector corresponding to the light Higgs boson, s, and
s4. This allows the Higgs boson couplings to vector bosons (i), up-type fermions (%), and
down-type fermions (x 4), as ratios to the corresponding SM expectations, to be determined as

functions of m, and tan 8 only:

_ sy(my,tan B)+tan B s, (my,tan B)

Ky =
v \/ 1+tan? B
yl+tan® § (5-18)

tan B8

Ky = Sy(my,tan /3)\/1 + tan? B,
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where the functions s,, and s, are given by:

1

S =
" 14 (mg‘ +m%)2 tanZ g
(m%er% tan2 g 7m,21(1+tan2 ﬂ))z (5-19)
5, = (m% +m%) tan B
2

mZ+m124 tan? B —m%(1+tan2 /3) u

The behaviour of MSSM benchmark scenarios is provided by the LHCHXSWG in the for-
mat of ROOT file. In the file, the information about Higgs mass, total width of Higgs decay,
branch ratio of different decay channel and the cross-section about some production modes are
provided in the form of a histogram in terms of two free parameters in the model. As stated
in the previous part, the definition of the scenarios and the setup for these MSSM benchmark
calculation can be found in!!84-1351 For all scenarios in this study, Higgs masses and mixing
(and effective Yukawa couplings) have been calculated with the code Feynhiggs [158:189-1941,
The Branch Ratio results combine the most precise results of FeynHiggs, HDECAY [195-196]
and PROPHECY4f 197-198]_ For the gluon-fusion process inclusive cross sections are obtained
with SusHi 199-2001 which includes NLO QCD corrections 2011, NNLO QCD corrections for
the top-quark contribution in the effective theory of a heavy top quark [202-206] and electroweak
effects by light quarks [207-298] " For the SM-like Higgs boson SusHi adds N3LO corrections

[209-211] ' Cross sections

in the effective theory of a heavy top quark in a threshold expansion
for bottom-quark initiated Higgs production rely on matched predictions [212-2151 which are
based on the five flavour NNLO QCD calculation 2161 and the four flavour NLO QCD calcula-
tion [217-218] ' The details of the MSSM prediction of Higgs behaviour contained in the ROOT

file and used in this analysis can be found in table 5-2.

The results for the different benchmark scenarios are shown in Figures 5-7 and 5-8. Fig-
ure 5-7 shows the observed and expected 95% CL exclusion limits of the MSSM in the two-
dimensional plane (m,4, tan ) for the M ,125, M }125 (x),M ,1 25(%),and M ,1 25 (alignment) bench-
mark scenarios. For all four scenarios, the regions excluded by the Higgs boson mass require-
ment (|m;, — 125.09 GeV| < 3 GeV) are separately indicated with gray shaded areas. For com-
pleteness, the constraints from previous searches for H/A — t7[?1%1and H* — tb!>29] are also

overlaid.
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In the M }125 and M ;1125 (¥) scenarios, the low m,4 region, in which an enhancement of the
h — bb branching ratio and a suppression of the branching ratios of the other decay modes such
as h — yy are predicted, is disfavored. Since the data marginally prefer B(h — bb)/Bgy (h —
bb) < 1 and B(h —» yy)/Bsy(h = y7) > 1, the observed constraints are tighter than those
expected under the SM hypothesis. In the M }125 (T) scenario, the region at low m, and tan g <
53 is excluded for the same reason. The region tan § > 53, in which the T loop reduces the
hbb coupling, leading to an enhanced prediction of B(h — yy), is also largely excluded. In
the M}?>(alignment) scenario, the limit of alignment without decoupling is only realised for
tan B = 7 and m, = 200 GeV. For larger values of m,, MSSM couplings are more similar to
SM couplings, causing the allowed tan g region to broaden.

In all four benchmark scenarios, the MSSM analysis generally excludes the low m, regime
for most of the scanned tan B range, while the requirement |m;, — 125.09 GeV| < 3 GeV ex-
cludes the low tan g range for all scanned values of m4, a range not fully covered by the direct
searches for H/A — Tt and H* — tb decays. The exclusion range due to the n;, requirement
is qualitatively different in the M }l 25(alignment) scenario, as this scenario can only realized for
a value of tan(8) = 7.

Figure 5-8 shows the observed and expected 95% CL exclusion limits on the MSSM in the
two-dimensional plane of my- versus tan g for the M %125 (CPV) scenario and of m, versus tan j
for the M}I’ZESFT, M ,ﬁfm( #%) and hMSSM scenarios. The condition |m;, — 125.09 GeV| < 3 GeV
excludes values of tan § < 6 for all values of my- in the M }1125 (CPV) scenario, while no part of
the parameter space is excluded in the M 3. and M} 3;.1(7) benchmark scenarios, in which
my, = 125.09 GeV can be achieved through the flexible mgygy scale. In these four models,
the low my, region, where an enhancement of the hbb coupling is predicted, is excluded, and
the excluded region is larger than expected in the SM hypothesis for the same reason as for the

previous four models.

5.3 Interpretation of Di-Higgs Combination

The Higgs pair production, as introduced in Section 2.2.3, is quite rare at LHC due to its small

cross-section. However, the Di-Higgs production is a good portal to the search for new physics.
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Figure 5-7: Observed (solid yellow area) and expected (dashed line) exclusion contours

at 95% CL in the (my, tan B) plane for the (a) M}2°, (b) M}?° (%), (c) M}?*>(7) and

M ,11 23(alignment) scenarios. The parameter space excluded by the condition |, —

125.09 GeV| < 3 GeV is marked in gray. For comparison, the parameter space excluded by
the searches for H/A — tt2" and for H* — tb!?2% are overlaid in blue and purple, re-
spectively. For the M}?>(alignment) scenario, no constraints from the search for H+ — tb are

available. .
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Figure 5-8: Observed (solid yellow area) and expected (dashed line) exclusion contours at
95% CL in (a) the (mg-,tan B) plane for the M 5125 (CPV) scenario and in the (m4, tan §)

plane for the (b) M 3y, (¢) M) 351( 7) and (d) hMSSM scenarios. In (a), the parameter

space excluded by the condition |m;, — 125.09 GeV| < 3 GeV is marked in gray..
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Not only its SM production is very sensitive to the deviation of self-coupling, but also it can be
enhanced through the decay from new resonant. In many BSM models that feature an extension
of the Higgs sector, there typically exist at least one additional neutral scalar boson (denoted as
X) with sizeable couplings to the SM-like Higgs boson. If my > 2mg, the existence of X could
be detected through its decays to Higgs boson pairs. The Feynman diagram of this resonant

production is shown in Figure 5-9.

Figure 5-9: Feynman diagram of Higgs pair production through an intermediate resonance X,
the cross indicates the effective coupling between X and gluons.

Examples of the theories that predict the resonant production of Higgs bosons pairs are
the 2HDM, MSSM and its realisation as the h(MSSM, EWK-singlet modell221-2221 = Al these
models predict a second heavier CP-even scalar in addition to the SM-like Higgs bosons.

A series of search for the resonant production in different final states has been carried out
by ATLAS using the LHC Run-2 dataset. The decay of the Higgs pair is the combination of
the decays of each single Higgs. The branch ratios of the main decay channels are shown in
Figure 5-10.

The H — bb decay has the largest branch ratios, but also with large multijet background.
While the H - vt and H — ¥y have small branch ratios but a relative clean background. As
aresult, the bbbb, bbt T and bby y final states are the most sensitive channels used for DiHiggs

searches at ATLAS for now, and they are used in this combined analysis.

5.3.1 Input Measurements

This analysis combine the results from the search for resonant Higgs pair production utilizing
the full Run2 dataset corresponding to an integrated luminosity of up to 139 fb~!, including

bbbb, bbt T and bby y final states. A summary of the input analyses is shown in Table 5-5
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bb ww T ZZ Yy
bb
ww 25% 4.6%
T 7.3% 27% 0.39%
Y4 3.1% 1.1% 0.33%
YY 0.26%

Figure 5-10: Branch ratios of Higgs pair decay modes in SM.

bhLB2 bho el | phy 251
BHH - xxyy) 0.3392 0.073 2.6-1073
B[] 126 139 139 139
Discriminant Myy NN/BDT m,.,

my [GeV] 251-1500 900-5000 | 251-1600 | 251-1000

Table 5-5: Summary of the main characteristics of input analyses: branching fraction, inte-
grated luminosity analyses, final discriminant used in the statistical analysis and mass range
(lower-upper limits) .
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The difference in the range of resonant mass my is driven by analysis sensitivity. The bbbb
channel is divided into two regimes according to the topology: the resolved regime and boosted
regime. The resolved regime targets the low resonance mass while the boosted regime target
the high resonance mass. In the resolved regime, the b-jets are reconstructed as small-R jets,
resulting in a four-jet topology. The boosted regime targets the Higgs with large pr. The b-jets
from one Higgs are highly boosted and merged into a large-R jet, leading to a two large-R
jets topology. The boosted regime allows the bbbb channel to have the best sensitivity at high
resonance mass region. The final discriminant used in bbbb is the binned distribution of m.

The bby y channel only considers the resolved topology. Especially for y 7, the two photons
will be merged into one at high pr, which brings difficulty to separate them. As a result, bby y
channel has the lowest reach for the resonance mass, only up to 1 TeV. However, the requirement
of photons greatly reduce the multijet background which is the major background at low mass
for bbbb and bbt T, making it the most sensitive channel at low mass region. An unbinned
maximum likelihood fit of the m,,,, distribution is used for the final results.

The bbt T only consider the resolved topology as well. It is divided into two categories ac-
cording to the decay mode of tau leptons: The lephad channel where one tau decays leptonically
and another decays hadronically; the hadhad channel where both of tau decay hadronically. The
presence of tau brings a relative clean background compared to bbbb and the larger branch ratio
brings a larger statistics compared to bby 7, so the bbt T channel is the most sensitive channel
at intermediate mass region. Parametric Neural Networks (PNN) are used for the extraction of
the signal and the distribution is used as fit variable.

The combination of various channels is realized by constructing a combined likelihood func-
tion that takes into account data, models and correlated (when applicable) systematic uncertain-
ties from all channels. The general formula of the likelihood function £ reads

L(Dlp,a)=| [] Poistnclv.(u, a))ijf(.(xn,\u, a)] : [ [T [1 Poistreslvey(pe, an| = []1(a,la,) (5-20)

cebbyy £bbyy ,cbins pes

with the following definitions:

* 9, the set of (observed or Asimov) data.
* 1, the parameter of interest (POI) to measure in the analysis. It is usually the absolute or

relative signal strength of the model to test, and can also be a (coupling) parameter that
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5.3 Interpretation of Di-Higgs Combination

varies the signal prediction in certain scenarios.

a, the parameters of "no” interest with respect to p, i.e. the nuisance parameters (NPs)
that stand for the exprimental or theoretical or statistical parameters in expectation from
a certain model.

Index ¢ € C, indicating one category in the whole set (C) of channels considered in the
combination.

Index e, indicating one event in 7. number of events in data & of the category c.

Index p € S, numbering the constrained NPs in the set named S.

Index b, indicating the one bin in the category c that belongs to the bbbb and bbtt
channels.

Pois, the probability function of a Poisson distribution to model the total number of
events.

n.(b), the total number of events found in data & of (the bin b of) the category c that
belongs to bby y channel.

Ve (1 @), the expected total number of events as a function of p and a.

* f.(x..l1t, @), the probability function of a variable x., in the category c that belongs to

the bby y channel, as a function of x and a.
X0, the value of the variable x of an event e, used for the fit in the search of signals from

the category c that belongs to bby y.

. fp(apla p)s the constraint function for a certain NP with the prediction « » and the mea-

surement ay.
a, (roman letter), one global observable, i.e. the measurement of a parameter corre-

sponding to a,, (greek letter).

The data present as a set of events (in bby y) or a set of histograms (in bbbb and bbt ),

and the likelihood function is a combination of the unbinned likelihood and binned likelihood.

f.. will be a probability function in bby y. The constraint function adopts a Gaussian function

for the experimental and theoretical uncertainties, while presents as a Poisson function for the

MC statistical uncertainty per bin when using histograms.

The frequentist exclusion limits based on profile likelihood ratio tests are performed using

the asymptotic formulas!!33!. The profile likelihood ratio is constructed as follows:
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%010
. > p <0,
A(p) =4 2000 (5-21)
Lp0p) oS 0
%0 H7
The test statistic g, considered for limit setting is
~21n ?(l(l) gzg)))) p<0,
i 2Ini(p) a<sup <
G = = {2 ZWO0W) g < <o, (5-22)
- £(1.0)
0 >
0 o> pu

The combination can only be done for the analyses that search for the same mass point. For

the mass points that do not have all three analyses, only the available ones will be combined.

5.3.2 BSM Interpretation

Two BSM UV-complete models are considered: the 2HDM and MSSM. Both of them have
the extended Higgs sector with additional doublet, resulting in an additional CP-even scalar H.
This scalar can be resonance searched in this analysis. The details of these models have been
introduced in Section 5.2.3

The basic idea of the interpretation is to find out the parameter points that can be ruled out
by the combined analysis. It is done by comparing the upper limit with the BSM predicted
cross-section at given parameter point. If the 95% CL upper-limit is smaller than the predicted
cross-section, the parameter point is excluded at 95% confidence level. A scan in a dense grid
of the parameter spaces of the BSM model can thus create a region of exclusion. The BSM
predictions are provided by the LHCHXSWG. In the BSM models considered, the coupling
strength of the SM Higgs with the fermions are also altered. It will subsequently change branch
ratios of Higgs decay to bottom quark pair, tau leptons pair and photons pair, and these branch
ratios are dependent with the parameters in the BSM models. With different BRs, the three
channels should be combined with different weight. As a result, the following two kinds of
interpretation machinery are used.

In the traditional machinery, the combined workspace is created for every scan point with
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5.3 Interpretation of Di-Higgs Combination

the BSM predicted branching ratios. The workspace is a combination of histograms and the
statistical model which can be used for fit and the calculation of upper limit. In total of three
dimension of freedom need to be considered in the interpretation: the resonance mass plus two
ratios between BR(H — bb), BR(H - t*7~) and BR(H — yv). The calculation of upper
limit costs a lot of computing resources due to the complexity of the analysis. A typical number
of the scan grid in one BSM model is at the order of one thousand. As a result, the traditional
interpretation method will need a huge amount of computing resources in total.

An alternative interpretation machinery is used in this analysis, which makes use of one
feature in these BSM models. The ratios between BR(H — bb) and BR(H — 7 1) remains the
SM value in almost all parameter spaces. Figure 5-11 shows the comparison of this ratio with
the SM value in the M ,%SFT model, similar case can be found in other models considered in this

analysis.

: BR(h - bb)/BR(h— TT)
ME':szs br_ratios_to_SM == B /BRI - T

tanf

800
mA

Figure 5-11: Distribution of ratio between BR(H — bb) and BR(H — 7 7) over the SM value
in M 231 scenario, which is close to unity in almost all area.

By using this feature, the dimension of the freedom considered in this machinery is re-
duced to only two: the resonance mass and the ratio between BR(y ) and BR(H — bb). The
workspaces from each of the channels are re-parameterized by three parameters of interest:

o - BR2(h - bb), %ﬁ(&__))}l;g)), l;’g{;;;;; and combined. So the dependence of upper limit of

o - BR?>(h — bb) between % is scanned and the combined upper limit at a given pa-

rameter point of BSM model can be calculated using this dependence. The scanning grid of
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BR(h-yy)

BRUSHD) 1S 69 points in the range [0, 0.05] for every mass point, which is scattered more dense

in low values and sparse in high values. Linear interpolation is used to get the dependence of
upper limits on the BR-ratios and heavy Higgs mass. It has been testified that in the hMSSM,
this methods give consistent results with the one used in previous analysis, with difference of
upper limit around 1% as shown in Figure 5-12. This method does not work for scenarios like
lepton-specific 2HDM, or flipped 2HDM, in which the ratio of the branching ratios to Tt over

bb depends on other model parameters.

tanB

||||IIII|II|I|III||I|II

250 300 350 400 450 500 550 600
mA

Figure 5-12: Distribution of ratio between the upper limits derived with two machinery,
which is close to unity in almost all area.

In all three analyses considered, the resonance signal is assumed to have a narrow width
about few MeV. However, the width of CP-even Higgs in 2HDM and MSSM can be large.
The large width will have significant effect on the distribution of the invariant mass, which is
the fit variable for bbbb and bby y, and important inputs of the PNN. The bby y channel is
especially sensitive to the resonance width as a narrow invariant mass cut is applied to select
the signal events. As aresult, a 2% width upper limit is set for the bby y channel. For the region
where the CP-even Higgs has a width larger than 2%, the bby y channel is not included in the
combination, only bbbb and bbt T will be combined. The 2% value is decided to keep at least
90% of signal events for all mass of heavy Higgs. An overall 5% upper limit is also applied,
over which all the three analyses will be considered invalid and no exclusion can be made in

this region.
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=3 bbbb —— Observed

_ 1 1 bbyy == Expected
\/? =13 TeV, 139 fb B bbrr constant my
hMSSM 1 combined =W [y/my>2%

200 300 400 500 600 700

Figure 5-13: 95% CL observed and expected contours of the bbbb (red), bl_)yy (blue) and
bbt T (green) channels and their combined results (orange) on hMSSM parameter space. The
region where the width of heavy Higgs larger than 2% is marked in gray, the contours does
not apply this 2% upper limit.

MSSM scenarios

In this study, two kinds of MSSM scenarios are discussed, hMSSM and two MSSM scenarios

especially designed for low tan g region. They have been briefly introduced in Section 5.2.3.

In the hMSSM, the SM Higgs is assumed to have a mass of 125 GeV, which is consistent
with the current measurements. The 95% CL observed and expected contours of three single
channels and their combined results are shown in Figure 5-13. The final combined results
considering the 2% upper limit in bby y channel is shown in Figure 5-14. There is no region

where the width is larger than 5% is present in the phase space that this analysis is sensitive.

For the MSSM benchmarks, the M }11%3513T and M ,%SFT( #%) scenarios are considered. In these
benchmarks, the mass of supersymmetric particles are adjustable and can be very heavy up to
the GUT scale, to achieve a light CP-even Higgs boson is compatible with 125 GeV in most low

tan S region. However, there is still some regions where the SM Higgs mass can not achieve 125
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m- T T
S of ATLAS Sf:ffgnr:;'::g ]
= Vs =13TeV, 126—139 Y . .., Exp. bbTT
gl H—-hh, hMSSM — = Exp. bbbb
95% CL upper limits === Exp. bbyy
7

200 300 400 500 600 700
my [GeV]

Figure 5-14: 95% CL observed and expected contours of the combined results on hMSSM
parameter space. For region where the heavy Higgs width is larger than 2%, only the bbbb
and bbt T channel are combined.

GeV since the scale of supersymmetric Mqygy needs to be raised to be larger than 100 TeV to
achieve that. Therefor, the region that m; < 122.09 GeV is excluded given the theoretical
uncertainty of the Higgs mass calculation is estimated to be 3 GeV.

The constraints on the MSSM parameter space from each single channel and their combi-
nation are shown in Figure 5-15 and the final exclusion regions are presented in Fig. 5-16. As
expected, the constraints on the M é’ZESFT benchmark are similar to those obtained in hMSSM
since it is a concrete realization of the hMSSM approximations. The M ,1’25FT( ) benchmark
that assumes some light degrees of freedom that couple to the Higgs bosons (thus open up more

decay channels of Higgs) lead to smaller branching ratios and hence smaller exclusions.

Singlet model

The Singlet model is the simplest extension of the Standard Model Higgs sector by adding a real
singlet scalar, which gives an additional singlet Higgs, denoted as S. As the v.e.v. of doublet
v, = 246 GeV and Standard Model Higgs mass my = 125.09 GeV are known, the independent

variables of the models are:

1. mg, heavy Higgs mass
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ATLAS Internal
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= combined W Ty/my>2%
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[ bbbb
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Figure 5-15: 95% CL observed and expected contours of the bbbb (red), bby y (blue) and
bbt T (green) channels and their combined results (orange) on MSSM parameter space for

M35, (left) and M}32
2% is marked in gray, the contours does not apply this 2% upper limit.
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Figure 5-16: 95% CL observed and expected contours of the combined results on MSSM
parameter space for M} 3>, (left) and M3

width is larger than 2%, only the bbbb and bbt T channel are combined.

203

nBrr(X) (right). The region where the width of heavy Higgs larger than

nBrr (X)) (right). For region where the heavy Higgs



Chapter 5 Searches for BSM with Combined Measurements

2. sin @, mixing angle

3. tan g, ratio of the vevs

In this analysis, only mg > 250GeV is considered to generate the S — HH decay. Two myg
values are considered in this analysis, mg = 275 GeV and mg = 500 GeV. For higher mg values,
most of the parameter spaces will have large width, and the H — hh search lose its sensitivity
compared to the SM Higgs coupling measurements, so they are not considered. The production
cross-section and decay of the scalars follows the recommendation of LHCHWG. The ggF
production cross-section of heavy Higgs scales with sin®a the general heavy Higgs production
calculated at NNLO+NNLL QCD accuracy!!%2261. The branching ratios are calculated with
the code SDECAY with electroweak corrections turned off. For the SM Higgs, its couplings to
SM particles are scaled by cos? a, which means the BRs do not change and the measurement of
SM Higgs signal strength will impose | sin a| < 0.26(0.34) observed (expected) limits derived
from Refl?%7],

The constraint on Singlet model are shown in Figure 5-17. Note that the coupling Hhh has

a non-trivial dependence on sin @ and it is not symmetric with its sign.

@ ' Obs. combined Q 4y ' Obs. combined ]
g ATLAS —— Exp. combined § ATLAS ——— Exp. combined
VS =13TeV, 126—139 /01 . Exp. bbTT VS=13Tev,126—139f71 .. Exp. bbrr
H - hh, EWK-singlet, my = 275GeV = Exp. bbb H - hh, EWK-singlet, myy = 500GeV — = Exp. bbbb
95% CL upper imits  wm rymy>5%  ——— Exp. bibyy 95% CL upper limits s r/my>5% === Exp.bbyy

sin(@)<0.26(0.34
from SM coupling

2 Isin(@)<0.26(0.34)
2] from SM coupling

L b . LT — VA . :
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 . 0.50 0.75 1.00
my [GeV] my [GeV]

Figure 5-17: 95% CL observed and expected contours of the combined results on the Singlet
model parameter space for mg = 275 GeV (left) and mg = 500 GeV (right).

2HDM

The results are also interpreted in the context of type-I 2HDM!?3]. It has seven free param-
eters: my, my, my=, my, tan B, cos(f — «) and m%z. In the benchmark scenario consid-

ered in this work, the following assumptions are made: my = my = my-, my, = 125 GeV,
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m%z = mf‘ sin B cos . This leaves three free parameters: my, tan § and cos(f — a). The

search interpretations are shown for two different planes:

* my—tan f plane for different values of cos(f — «);

* my—cos(f — a) plane for different values of tan g.

The exclusion plots for the my—tan g plane are shown for two values of cos(f —a) (cos( 8 —
a) = £0.1) in Figure 5-18. The plots for the my—cos(f — «) plane are shown for two values

of tan B (1 and 10) in Figure 5-19.
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95% CL upper limits Muimy=2% == Exp.bbbb 95% CL upper limits THiMy =2% == Exp.bbbb
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Figure 5-18: 95% CL observed and expected contours of the combined results on the type-I
2HDM model parameter space in my—tan B plane with for cos(f — a) = —0.1 (left) and
cos(f — a) = +0.1 (right).
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Figure 5-19: 95% CL observed and expected contours of the combined results on the type-I
2HDM model parameter space in my—cos(f — a) plane with for tan g = 1 (left) and tan g =
1 = 10 (right).
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5.4 Top-quark EFT Study using Electroweak Precision Measurements

The Effective Field Theory is a powerful tool to simplify and probe the effect of high energy
UV models to the low energy process. The EFT operators have effect on many processes, not
only limited to the Higgs production, which some results have been shown in Section 5.2.2, and
top production, but also includes electroweak process. By using the experimental results of pre-
cision measurement of the Z and W bosons at lepton colliders, the related dim-6 operators have
been extensively probed and stringently constrained. A lot of studies have been performed to
constrain these operators at both current and future colliders??82301 Similar studies have also
been performed in Higgs and top sector, but some operators are not so well constrained due to
the smallness of their tree-level contribution. One of the famous example is the (H"H)3 opera-
tor which modifies the trilinear Higgs coupling, which can be probed at tree-level with DiHiggs
production. However, even with HL-LHC, its coefficient is expected to be constrained at order
of 1 through DiHiggs production!!>”). Interestingly, the measurements of single-Higgs pro-
cesses, where the (H'H)3 operator contributes at the one-loop order, offer competitive reaches

[231-234]

on it due to their much better measurement precisio . Similarly, operators that gener-

ate anomalous gauge couplings of the top quark are generally less-well constrained at the tree
level, and contribute to many Higgs and electroweak processes at the one-loop order!?33-237],
These loop contributions are enhanced by the large top mass. In the meantime, these top-quark

operators are sensitive to the new physics. In many BSM models, these operators are greatly

enhanced due to the interplay between the top quark with the BSM sector.

Therefore, it is beneficial to study the one-loop effects from the top-quark operators on the
electroweak process. A total of eight operators that generate anomalous couplings between
the electroweak gauge bosons and the third-generation quarks are considered in this study. In
this study, the loop effect are calculated to see if they are sizable enough for the electroweak
measurements to have a sensitivity that is comparable, or even better than, the ones from LHC,
which probes them directly. In addition, it is important to understand if these operators can
be constrained in a global framework, which indicates whether the loop operators are degen-
erate enough to separate from the tree-level operators in electroweak measurements. A global

fit is performed including the eight top-quark operators plus the tree-level operators. The elec-
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5.4 Top-quark EFT Study using Electroweak Precision Measurements

troweak measurements includes the Z-pole measurements at LEP and SLD, the measurements
of the efe™ —» WW process at LEP2, as well as measurements of several low energy scattering
processes.

This chapter is organized as follows: the Section 5.4.1 gives a brief theoretical description
about the operators and their effect. In Section 5.4.2, a summary of the experimental inputs
used in this study is shown, including the study about the acceptance impact of the operators.
The fit results are shown in Section5.4.3 and the projection for future colliders are shown in

Section 5.4.4.

5.4.1 Theoretical Setup

The global SMEFT framework is employed and the Warsaw basis is used. Since the study
especially considers the loop contribution from the third generation quarks, a U(2), @ U(2),
QR U2) q QRU3); ® U(3), flavor symmetry is imposed. All the operators that contribute to

the electroweak measurements (listed in Section 5.4.2) are considered, as listed in Table 5-6.
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QZ(IU = ((P”Dﬂ (0) (li7”1j> Oilw = (CLU‘”M;)T’%W{W Q(pWB = (PTTI(PWLVB’W
.. (—)] - 1 -_ ~
05" = (011D, 0) (Lx'y ") | Ol = Gio"" 1B,
be= (011D, 0) @rre) Gw = @ord)T g Wi,
b= (011D, o) @r"a) | Qs = Go""d)¢B,,
.. ol _
95 = ((/ﬂl D, (p) Gty q;)
D, ¢) (" u)

di = (p¢l Bﬂ (] (dl')/'udj)
07, = iFD, ¢,y "d)
(LL)(LL) (RR)(RR) (LL)(RR)
”rst _ (l_p)/ I )(l y 1) e;” = (e_p}/yer)(e_s}/#el) rSt = (l_p A (egrte,)
lqrst( ) _ (l:p}’ 1.)(G,7"q,) orrst — (_p)/ﬂer)(ﬁ:v}’ﬂ”t) Qprst _ (1;17 l )(12_ y#u )
b = Ly W) Gyt | QU = @y we ) dyytd,) | O = Ly L) (d oy )
07" = (g, y”qr)(e rhe,)

Table 5-6: The operators in the Warsaw basis!?’! that are used in our study. The indices i,
and p, r, s, t label the fermion generation.

The operators can be divided into two categories. One category involves the third generation
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Figure 5-20: Feynman diagram of the loop contribution from the operators on gauge boson
self-energy (left) and Zbb vertex (right).

quarks, which are

Qﬁ/}é’ Qi/?é’ Q(Pt’ Q(pb’ Ow, O Opw-> Obp (5-23)

The four operators Qiplé, Q;f’é, Q,; and Q,;, modify the SM gauge couplings between the 3rd
generation quarks and the W, Z bosons. The rest four operators, Q,w, Q;5, Opw and Qp,
generate dipole interactions between the 3rd generation quarks and the gauge bosons. For these
operators, they will sometimes also have tree-level contribution, such as bottom-quark operators
to ete”™ — bb. In this case, only the tree-level contribution is considered as it is the leading
order one. Figure 5-20 shows the example Feynman diagrams of the loop contribution of the

operators on electroweak process.

The second category contain all other operators that contribute to the electroweak processes
at the tree level, including the ones that modify the propagators of Z and W bosons, their cou-
plings to fermions (excluding the 3rd generation quarks) and the triple gauge couplings, as well
as the 4-fermion operators that directly contribute to the ete~ — ff processes and several low
energy scattering processes. For convenience, the following combinations of operators instead

of the original ones for the 3rd generation quarks are used:

) = o) 4 OB ) = o) 4 OB
Qpo=CQyo+ Q0. g =Cip +Cp -

=) = o) (3) (=) = o) (3)
Q(pQ = Q(pQ - Q(pQ s QlQ = QIQ - QlQ s (5'24)

and their Wilson coefficients follow the same labels. Q;é) contributes only to a contact e*e”tf
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5.4 Top-quark EFT Study using Electroweak Precision Measurements

interaction and is not considered. In total, 33 Wilson coefficients are included in this analysis.
Due to the fact that in Warsaw basis, the operators contribute to the Z-pole observables
at tree level exhibit flat direction. These flat directions can be lifted by the measurement of

ete™ - WW process/??8].

However, since the precision of W measurement is not as good
as Z-pole, there still remains large correlation between the operators. In order to solve this

problem, the following conversions are used by replacing operators Q ,p, Q,wp With

Opyw =iD, ¢ 0,D, oW, Opyp =iD,¢"D,¢pBH", (5-25)

which do not contribute to the Z-pole observables. The following input parameters are used in

the calculation:

a=-—=—, my=91.1876GeV, G =1.166379 x 107> GeV,

my, =4.7GeV, m, =172.5GeV . (5-26)

The theoretical calculation of the operators’ impact is not a focus of this thesis, the details
can be found in Refl*l. The loop contributions are derived from Monte Carlo Simulation due to
the complexity of the calculation. The MadGraph5_aMC@NLO! 18] is used and the reweight-
ing method?3¥! is employed to reduce the computing consumption. The size of Monte Carlo
sample is chosen to ensure the statistical uncertainties of the sample is lower than 10%. For

inclusive cross-sections, the MC statistic uncertainties are usually smaller 1%.

5.4.2 Input Measurements

The input measurements used in this analysis is mainly from the LEP experiment. Some
low energy experiments are also considered, including CHARMI23%1 CDHS[?401 CCFR[241],
NuTeVI(242l APVI[243] QWEAK!2*4] and PVDISI?*]. The measurements can be divided into

the following categories and the:

* Precision Electroweak Measurement: the Z-pole measurement from LEP experiment,
W mass measurement taken from combined results of PDG Group and branching ratios

(BR) information from LEP.
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« eTe” - ff: the measurements of electron collision to quark pair and lepton pair from the
LEP experiment are collected. Some observables measured by TRISTAN at 58 GeV are
also included.

e ¢fe” - WTW™ — 4f: the total cross-section and differential cross-section measure-
ments of efe” - WTW™ — 4f from the LEP experiment.

* Low Energy Measurement: the neutral-current parameters for v-hadron and v — e pro-
cesses measured by deep inelastic scattering (DIS) experiments including CDHS and
CHARM in CERN, CCFR and NuTeV in Fermil.ab. The parameters for electron scatter-
ing is measured by the Cs atomic parity violation (APV) experiment, electron-deuteron
DIS (eDIS) experiment PVDIS and Qweak that measure the weak charge of proton. Addi-
tionally, the measurement of the cross-section of trident production (v ,7* = v, u™ ™)

over its SM prediction by CHARM and CDHS is included.

Table 5-7 shows the details of the observables. The center values and the uncertainties
as well as the correlations (if provided) are taken from the input analyses. The correlations
between different categories and experiments are taken as zero. For those measurements that
do not provide the correlation between the observables, it is assumed that they are not correlated

with each other.

Table 5-8 list the operators that have impact on the above-mentioned observables. Five oper-
ators ( Q,wa. QZji, QyD> Q(IPII(S) ) Qz)zlm) have impact on all the obersvables as they will affect
the electroweak parameters: g, g’, v, and thus not included in the table. Additional information

of some observables will be discussed in the following, including the theory and experimental

uncertainties and details of the MC simulation.

Z, W pole observables and low energy couplings

The theoretical prediction of Z pole observables and W pole observables are taken from the
Table 10.5 of Reft?46] and the Table 2 of Refl??°). The theoretical errors of Z, W pole observables

are ignored and low energy couplings, except for my,, which is taken as 0.004GeV!139-246],
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Experiment Observables Reference
CHARM/CDHS/
Low Energy /Slg\ljg\ljvlgz\ll(// Effective Couplings [246] [247]
PVDIS
Total decay width I',
Hadronic cross-section a,,,,,
Z-pole LEP/SLC Ratio of decay width R, (248
Forward-Backward Asymmetry A%,
Polarized Asymmetry A,
Total decay width Iy,
W-pole LHfég?;itéon/ W branching ratios Br(W - 1v;) [248] [246]
Mass of W Boson My,
Hadronic cross-section g,,,,
ee - qq LEP/TRISTAN Ratio of cross-section R, (2491 12501 1251]
Forward-Backward Asymmetry for b/c A,
cross-section o,
ee — 1l LEP Forward-Backward Asymmetry A%, [249]
Differential cross-section %
e > WW LEP ‘ cro.ss—sectlon JWW _ [249]
Differential cross-section %%

Table 5-7: Observables used in Top EFT study.

Fermion-Pair Production

The LO Feynman diagram of e*e™ — ff process is the s-channel photon and Z annihilation
(Figure 5-21a). However, there are additional t-channel photon and Z exchange ine*e™ — ete™
process (Figure 5-21b), which have a quite small contribution at Z-pole. The electron and muon
are assumed to be massless in this study. As a result, there would be only a negligible difference
between the contribution of new operators to observables of ete™ — e*e” and e*e™ — u* -
process. Thus, the results of ete™ — pu*pu~ is used for e*e™ — eTe™ at Z-pole. At other
energies, both the t-channel and s-channel production of e*e™ — e*e™ are considered and
computed separately.

For the fermion-pair production, especially at the energies above Z resonance, the QED ra-
diative corrections are very large. This is caused by initial-state radiation of photons, which will
lower the center-of-mass energy, Vs, to the value \/? . In the LEP experiment, the measurement
is done using events which have small amount of initial state radiation, i.e., large \/W . So
initial-state radiation is not considered in the MC simulation. The experimental and theoretical

uncertainties of various processes are shown below:
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Processes Observables Wilson Coefficient
B ve ve (1)
Neutrino DIS and APV 8rv-81a Co1:CpesC1t>Cle
gqy +285% PRI DI RNy
deu _ged l(pq’ 3(pq’ euwtpd“ el
2 ?Iy ?dv C(pe’c; )’C; )7clu7cld’ qu’ceu’ced
8va —8va g
ee (1)
8va CyisCperCees Cul
P T R T T Do o
vy SMY2 v SMY2 @l Ypetle Cll
(gLV ) +(gLA )
. 3) ~() . " . .
Z_pOIe l—‘Z C(pe?c(p:"q’c(p[q?C(pbpc(pd’c(p)QsC(pb»ch,CbW
(3) (1) +
O had Cq)e’c(psq’c(plq’ctpu’c(pd’c(p)Q’Czph’ch’CbW
(3) A1) +
R, cw,cq,sq,c(plq,c(pu,cwd,c(p)Q,cq,b,ch,chW
(3) (1) +
Rﬂ Cwe’cng’cqzlq’Ct/m’ctpd’cfp)Q’cwb’ch’chW
(3) (1) +
R, CperCoq>Coq> Cour Cod> Cp02 Copb> CoB> Cow
0,e U .
FB Epll)’ pe
A(),/t c c
B @l “pe
0, T (1)
FB Cpi>Cope
(3) (1) (+)
R, C0q°Coq> Cou Copd>Cp0r Cobr CoB> Cow
R cB® el e e ) e Crg,C
bc Qg ((/)lq)’ pu’ ((/)L)l’ 90> ob>“bB> “bW
+
Afrs Cpi°CperCp0>Cob CbB> Cow
c (1) (1) ~(3)
FB cwl’ctpe’(]c;ﬁq’cqu’ctpu’
A, c:p],),c,pe
All c(pl’C(pC’
(T)
A, - Copl>Coe
+
A, C(pQ(’lC)(pb(»f)bB’ Cow
- o Cogr o
As €99 Cpq> Cod
W-pole My,
Br(W — ev,)Br(W - puv,,) EY
Br(W - v )I'y »d
M (3) (1) ) M .(3)
ee = qq o <P"cv’e’(i‘p‘f’C¢q’cwu’c¢d’ch’c¢b’C1q Cig
eeqq . . .
clu7cld’le ’(’lb’cqe ’cetnced’ceQ7(’eb’ o> Cow
b ) )
ee > bb O eebb c(pl’c(pg7 C(an c(pbvlesclbvceQ’ceb’ch’cbW
c M (1) ~(3) M (3
ee > cC O pece 01°C0eCoq:CoqCousCiq Cig sClusCqeCeu
+ - 1)
ee —> Ut G(%E'uﬂ CEPII)’C(pe’C”,Cle’CEE
- . .
ee - T'T Oporr Cp1°CpesCilsClesCec
T (T)
ee > ete O poce Cpi°CpesCilClesCec
. m
ee > W*W O ponwmw CopiCopelw

Table 5-8: The list of corresponding coefficients of the operators that have contribution to

different observables. Besides these coefficients, there are also four operators that will con-
’

tribute to all observables (represented by their coeflicient here): cf/fl), C115CoD>CoWB-
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et et et et

v/Z
v/Z

(a) s-channel. (b) t-channel.

Figure 5-21: Feynman diagrams for e*e™ — ff process.

For e*e™ = ff(f = u,T,q) process, the experimental values of cross-sections(in pb)
and forward-backward asymmetries are reported in Table 3.4 ofi>*°]. The theoretical
prediction uncertainties of o(gq), oc(u*p~), o(t*t~) and leptonic forward-backward
asymmetries are 0.26%, 0.4%, 0.4% and 0.4% respectively!?*?2321 Their theoretical
prediction uncertainties can be neglected since the experimental uncertainties are at least
four times larger.

The experimental and theoretical value of the ete™ —» u*u~, ete™ - v+ 1~ differential
cross-section are reported in Table 3.8 and 3.9 of!?*]. In the processes of e*e™ — p* p~,
ete” — ttt7,itis assumed that theoretical uncertainties of differential distribution are
0.4%, which can be neglected compared with experimental ones.

The experimental and theoretical value of the e*e~ — e*e™ differential cross-section are
reported in Table 3.11 and 3.12 off?*°. The theoretical uncertainties of the large-angle
Bhabha scattering for Vs ranging from 189 GeV to 207 GeV are around 0.5%[22-253],
Theoretical uncertainties of differential distribution are taken as 0.5% as well.

In the process of ete™ — gg at V5 = 58 GeV, the Table 8 in[>>*! shows the measured re-
sults for R, and R, which are the bottom and charm quark pair production cross-section
ratio to the total hadronic cross-section. Inl?3%1 their theoretical uncertainties are esti-
mated as 1% and can be ignored.

For ete™ — gq process at Vs ranging from 189 GeV to 207 GeV, the Table 8.9, 8.10
in[>3%1 show the measured results for R, and R, without the theoretical uncertainties. The

theoretical uncertainties are assumed to be negligible.
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Boson-Pair Production

The boson-pair production is also one of the crucial process in LEP experiment. In our study,
ete™ > WTW~ process is included. There are three leading Feynman diagrams of this process,

shown in Figure 5-22, which are named as CC03 (Charged Current).

et W+ et W+ et W+

e W= e W= e” W-

Figure 5-22: Leading Feynman diagrams for ete™ - W*W~ process.

The W boson will decay to a quark-antiquark pair or a lepton-neutrino pair. The branch
ratio of hadronic decay is about 67% and that of leptonic decay is around 33%. The WW events
are classified into three categories depending on the decay of W boson: fully hadronic, semi-
leptonic and fully leptonic. In the Monte Carlo simulation of the total cross-section of WW
production, we ignore the decay of W boson and only produce the events that take W pair as
the final state for convenience.

The angular distribution of WW events (do vy /dcosOyy-) is also included in this study,
where 6y - is the polar angle between W™~ and the e~ beam direction. In the differential cross-
section measurement, the decay of WW is selected as ggev and gguv for the reason that these
two kinds of leptonic decay provides the charge tag and a clean background compared to
channel. In the experiment, it is required that the charged lepton should be 20° away from the
beam, |6;| > 20°. This angular cut brings about a 93% cut efficiency in the experiment!>4],
which is further validated with the SM MC simulation by this study. This angular requirement
corresponds to the experimental acceptance of the four LEP experiments and greatly reduces
the difference between the full 4f cross-section and the CCO3 cross-section by reducing the
contribution of t-channel diagrams in the ggev final state. As stated in the LEP result, the
difference of 4f and CCO3 cross-section reduced from 24.0% to about 3.5% with the angular
cut. However, since the angular distribution from the dim-6 operators does not follow the SM,

the angular cut will bring a different acceptance effect for these operators. Thus, this cut is also
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5.4 Top-quark EFT Study using Electroweak Precision Measurements

considered in the MC simulation. The decay of W boson is simulated with MadSpin!?°®!, and
it is required to be on-shell decay to guarantee the gauge invariance. The angular cut efficiency

of some operators is shown in the Figure 5-23.

40, [pbl, 153

Aa; [pb], ~0.095

C¢e cut efficiency=0.945 —31.05

-0.001 -0.14

before cut, Ao, =-0.00124
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Figure 5-23: The impact of angular cut of the operator ¢, p and ¢ ,, on ee » WW differential
distribution at 183 GeV. The red lines show the differential cross-section of the operators
before the angular cut and the blue line show the differential cross-section after the cut. The
overall cut efficiency is given by the total cross-section after the cut divided by the one before
cut..

According to Ref>37-238]  the theoretical uncertainties of W~ angular distribution are around
0.5% when s ranges from 180 GeV to 210 GeV. Since the experimental precision of W~ differ-
ential angular cross-section are seven times larger than theoretical ones at least, the theoretical
prediction uncertainties of W~ differential angular cross-section can be neglected. For the in-

clusive cross-section, the theoretical uncertainty is non-negligible.

5.4.3 EFT Interpretation

Statistical Description

The central value of the Wilson coefficient and the constraint is extracted from maximizing the

x 2 function. The y? function is constructed as:

22 = -A0)TV1(y - Ac), (5-27)

where y is the vector of the difference between the experimental result and SM prediction of ob-

servables, A is the contribution matrix(A;; is the i-th operator’s contribution to j-th observables),
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¢ is the vector of the Wilson coefficient and V is the covariance matrix of observables.
the Least Square Estimator ¢ that minimize y? and its covariance matrix U is derived by
letting V y2 = 0:
¢ = (ATv-1A)"1ATy-1y = By (5-28)

U = BVBT = (ATv-14)-! (5-29)

The element of covariance matrix, U;;,

stands for the covariance of the estimator ¢; and ¢;. The
one-sigma bound of ¢; can be obtained from the diagonal element of this matrix.

Since there is no obvious deviation from SM of the electroweak measurements are found,
the central values of the coefficients are not so attractive which is usually close to zero. The
constraint (or named as bounds) on the coefficients are more of importance as it indicates the
energy scale of potential new physics happens. Two kinds of bounds are derived, the marginal-
ized bounds and individual bounds. The marginalized bounds of the operators are derived with
free floating all the coefficients. The individual bounds are derived with only one coefficient is
float and all the others are fixed to zero. Several fit scenarios are also used, by allowing different

number of Wilson coeflicients to float in the fit. The energy scale A is chosen to be 1 GeV in

the following context. All the results are given in 68% CL.

Individual and Marginalized Results

Figure 5-24 shows the individual and marginalized bounds of the 33 operators’ coefficients
considered in this analysis. The general results include the top and bottom loop effect. Two
additional scenarios are considered in comparison with the general results to better understand
the effect of the 3rd generation quark operators. The first considers only the tree-level contri-
butions of the operators and the second only consider the bottom quark loop contribution. Both
scenarios are only used in the marginalized fit.

It can be found from the fit results that for the four top quark EFT operators, QEP_Q), Qprs
O;w- O;p. they are constrained to be in the range of 0.1 to 1 in the individual fit, which corre-
sponds to a new physics scale of a few TeVs. Though they only contribute to the electroweak
process through loops, the electroweak measurements are still powerful enough to constrain

them. Comparing with other results that constrain these operators using LHC datal>°], it can
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Figure 5-24: The 68%CL bounds of the coefficients of operators in modified Warsaw basis
for three different scenarios. Blue: tree-level contribution only. Green: tree-level contribution
and the loop contributions from the bottom-quark operators. Red: tree-level contribution and
the loop contributions of all third-generation-quark operators, the dark red bar is the individ-
ual bound in this scenario. The value of A is set to 1 TeV for all coefficients.

be found that the electroweak data have greater constraining power on Qﬁp_é and Q,;, whose ad-
vantage is estimated to be order of 10. While for O,y and Q, 5, the LHC data is more powerful.

The comparison of 95% CL individual bounds are listed in Table 5-9 for comparison.

(=)
Cot Cv0 Crw CiB
Electroweak | 0.286 0.336 0.822 0.592
LHC data 2275 122 0.06 0.145

Table 5-9: 95% CL individual bounds of top quark EFT operators’ coefficients using different
sets of observables. The electroweak results are the ones in this study while the LHC refers to
the results in[>1 |

In a global fit that float all the coefficients, the marginalized bounds of the top-quark oper-
ator coeflicients become much looser, and some of them have possibly exceeded the range of
EFT validity. As the introduction of additional degrees of freedom tends to bring additional flat
directions, making the fit difficult to converge. Figure 5-25 and Figure 5-26 show the correla-
tions between the operators considering only tree-level contribution and include loop contribu-
tions respectively. It can be found that after considering the loop contributions, the correlations
between operators are much larger. The inclusion of top operators also significantly degrade

the reaches of some other operator coefficients. Among them, the most notable ones are the
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leptonic operators: ¢;,, Coe» c;f’l), Cols Cype (as well as c%), which were previously very well
constrained and are thus most sensitive to additional degrees of freedom. On the other hand,
when only consider the bottom quark operator loop contribution, the overall reach of global
fit is not significantly degraded compared with the tree-level fit, and the constraints on some

operators coefficients are even improved.
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Figure 5-25: Correlation matrix between operators’ Wilson coeflicients in modified Warsaw
basis. Only the tree-level contribution of these operators are considered.

Table 5-10 gives the numerical fit results. Figure 5-27 shows the Fisher information matrix,
which indicates the impact from each set of measurement on every Wilson coefficients. The

Fisher information of set i have on coefficient ¢; is calculated by:

> x7

2
6cj

fi= , (5-30)

5275211

2
6cj

where ;(% indicated the chi-square calculated with only the data of set i and ;(Z” indicates the

chi-square with all sets of measurements.
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Figure 5-26: Correlation matrix between operators’ Wilson coeflicients in modified Warsaw
basis. The top and bottom loop contribution are considered in addition to the tree-level con-
tribution.

Z pole W pole ee- WW ee- qq ee- |l low energy

%o 0.01 0.00 0.00 0.01
c. 0.00 0.00 0.00
Cu 0.00 0.00
) 0.01 0.00 0.02
EY 0.01 0.00 0.00 0.01
Cu 0.00 0.00 0.00
Coum 0.00 0.00 0.00
Copw 0.00 0.00 0.00
%1 0.00 0.00 0.00
Ce 0.00 0.00 X 0.01
Cha 0.00 0.00
Sy 0.00 0.00
<, 0.03 0.01
°, 0.00 0.00
Cu 0.00 0.00
o 0.00 0.01
O 0.00 0.03
Con 0.00 0.03
48 0.00 0.01
< 0.00
C, 0.00 0.00 0.00
e 0.00 0.00 0.00
cy 0.00
e 0.01
%ot 0.02
Ca 0.00
<y 0.00
£ 0.00 0.00 0.00
<, 0.00 0.00 0.00
< 0.00 0.00 0.00
Oy 0.00 0.00 0.00
€y 0.00 0.00 0.00
Cy 0.00 0.00 0.00 . 0

Figure 5-27: Impacts of different set of measurement to the Wilson coefficients in Warsaw
basis, measured by the Fisher information. The larger the number is, the bigger impact of the
set have on the constraints of Wilson coefficients .
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Operators | Marginalized, tree-only | Marginalized, b loop considered | Marginalized, t/b loop considered | Individual, t/b loop considered
¢ - - 30+35 -0.13 +0.18
Cre 0.0019 + 0.018 0.0014 + 0.018 0.036 + 0.036 —-0.0015 + 0.016
Coe -0.019 £ 0.014 —-0.019 £ 0.014 —-0.0082 + 0.018 -0.012 + 0.012
c‘;,’ —-0.023 + 0.023 -0.027 + 0.018 -042+2 —0.0036 + 0.0033
) —-0.079 + 0.07 -0.11 + 0.074 -047+2 0.0025 + 0.0076
% -79+5.1 -1.8+3.7 -45+45 0.41 + 0.37

CDyB -13+10 -79+11 -12+17 -02+1.9
Cpow 35+ 21 12 +17 23+20 0.82+ 1.1
Col 0.024 + 0.013 0.021 + 0.013 —-0.26 + 0.67 0.0014 + 0.0042
Cpe 0.0051 + 0.014 —-2.5¢-05+0.013 -057+13 —0.0018 + 0.0054
Coq —-0.042 + 0.13 —-0.053 + 0.14 0.085 + 0.28 -0.015 + 0.014
Cou 0.086 + 0.17 0.11 +0.17 0.49 + 0.91 —-0.011 + 0.021
) —-0.043 + 0.03 —0.055 + 0.029 —-0.069 + 0.094 0.0035 + 0.0051
cy 0.054 + 0.033 0.066 + 0.031 0.1 +0.093 0.0037 + 0.011
Cow - - 42427 -0.3+0.22
Cob —0.34 + 0.62 -0.27 + 0.63 -12+14 -0.17 + 0.11
Cup 10+ 15 92+ 14 12 +18 0.25+0.23
Chw 16 + 27 9.7+25 17 +32 0.1+0.13
cho -35+54 -23+5 —6.1+£5.5 0.017 +0.02
c',;_)’ -15+21 -2+24 —-4.7+55 —0.048 + 0.042
i 1.2+23 1.4+25 -12+59 0.0074 + 0.23
Coo 0.64 + 1.8 0.56 + 1.8 -15+48 0.035 +0.11
Cop 36+5 51+5.6 11+12 -0.1+0.1
c;;)Q - - 31+27e¢+02 —-0.043 + 0.14
Cor - - 3.8+ 1.9e+02 0.011 £0.12
Cpd -0.7+0.8 -0.92 + 0.86 —-0.69 + 0.99 —-0.038 + 0.028
i) 23+12 27+12 26+ 1.2 0.014 + 0.014
c};{’ 0.74 + 0.43 0.88 £0.43 0.84 £ 0.44 0.029 £ 0.018
Clu -1.1+0.83 -1.3+0.82 -1.3+0.83 0.017 + 0.026
Crq -48+24 -58+24 -52+24 0.042 + 0.03
Ceq 26+1.6 3+1.6 28+1.6 -0.019 + 0.014
Cou -22+1.1 -2.6+ 1.1 -24+1.1 -0.039 + 0.023
Coq -3.6+2.1 4242 —4.1+2.1 —-0.022 + 0.029

Table 5-10: Numerical fit result of the coefficients of operators in modified Warsaw basis for
three different scenarios. The error bound is given in 68%CL.
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S T t b scenario

In additional to the general global-fitting framework, we also consider a special case denoted
here as the “S 7' ¢ b” scenario, where it is assumed that all new physics effects apart from the third
generation quark operators in Eq. 5-23 can be parameterized by the two oblique parameters, S
and 712601, This scenario is motivated by a large class of models with top/bottom partners, which
generally mixes with 3rd generation quarks and could also contribute to oblique parameters at
TBarbieri:2004qk

the one-loop order. For convenience, the modified oblique parameters S and are

used, which are related to the original ones by:

~ o ~
S = @S, T=aT. (5-31)

S, T are defined from!26!], The fit that float only the S and T gives:

S= (-28+25) x10*
(individual bound), (5-32)

T (2.7 +1.9) x 1074

and
S= (40+69)x107*
R (marginalized bound) . (5-33)
T= (55+51)x10™*

, with 93% correlation between the two parameters. The results are consistent with the one

from Refl202] that use similar measurements.

With the inclusion of the 3rd-generation quark operators, a 10-parameter fit is performed,
and the results are presented in Figure 5-28. It should be noted that, part of the loop contri-
butions of 3rd-generation quark operators are universal and can be absorbed in the original
definition of the S and T parameters. Here the S, T only denote the contributions of the cor-
responding tree-level operators. A significantly better reach on the top quark EFT operators
compared with the general case can be found. On the other hand, the constraining power to
the S and T parameters with the electroweak data is significantly reduced from the 2-parameter

case, as expected.
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Figure 5-28: Fit results (Left: 68% CL Marginalized bound, Right: correlation matrix) of the
S, T parameters plus 8 top/bottom quark EFT operator coefficients.

5.4.4 Future Collider Projection

There have been several proposals of constructing future colliders which can reach higher lu-
minosity and energies than LHC. A lot of the proposals are aim for an electron-positron col-
lider, which is perfect for the electroweak measurements. Thus, it is interesting to see how the
improvement in measurements will affect the constraints of these EFT operators. Two future
colliders are considered, the FCC-ee!293] and CEPC[264],

Table 5-11 shows the projection of the two colliders on electroweak observables and the
comparison with current precision. The projections of CEPC are taken from Ref.[?64] while
for FCC-ee are taken from Ref.[295], The projections of the observables are not complete from
the reference, thus some uncertainties are estimated from the expected luminosity such as WW
process. And since both two experiments are designed to be a tera-Z factory, the projections of
observables at Z-pole are taken as a common value.

Figure 5-29 shows the constraint on the EFT operators using the projection of the elec-
troweak observables. There is no obvious difference on the constraining power between CEPC
and FCC-ee. In general, the future collider will greatly improve the constraint on these EFT
operators, most of the coefficients will get at least 10 times better constraints, both on individual
and marginalized bound. Though the 3rd-generation quark operators can only be probed at loop
level in current projections, their improvements with future colliders are still in the same level

with tree-level operators. For few operators, like Qv and Q,,, as their constraints are mainly
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Observables SM Current Precision | CEPC FCC-ee
r, 2.4942GeV 2.3MeV 0.1MeV | 0.1MeV
O had 41.481nb 0.037nb 0.004nb | 0.004nb
R, 20.737 0.05 0.001 0.001
Rﬂ 20.737 0.033 0.001 0.001
R, 20.782 0.045 0.001 0.001
R, 0.21582 0.00066 0.00006 | 0.00006
R, 0.17221 0.003 0.00026 | 0.00026
AI}B 0.103 0.0003 0.0003 0.0003
A, 0.1472 0.00216 0.0002 0.0002
My, 80.379GeV 12MeV 1MeV 0.5MeV
I'y 2.085GeV 42MeV 2.8MeV | 1.2MeV
o 160Gev _ _ T sm Tsm
ee=ff 2.6ab"! 12ab”!
5240GeV - - Ism Ism
ee>ff 5.6ab"! Sab’!
0.24OGeV _ _ O sm O sm
ee- /T T,differential 5.6ab"! Sab-!

Table 5-11: Comparison of the projections of electroweak observables for CEPC?%4! and
FCC-eel?631.,

from e*e~ — W*W~ process or low energy coupling measurements, which lack the projec-
tion of their precision on future collider, their constraints have a relatively small improvement.
However, it is believed that they can also benefit from the high precision measurements on fu-
ture collider. Finally, a high-energy lepton collider running at and above the top threshold will
be able to measure the e*e~ — 1 process to an unprecedented precision, providing the ultimate

probe of the 3rd-generation quark operators!237-266-267] at tree-level.

10°
% - Current, Marginalized - Current, Individual
- \:| FCC-ee, Marginalized - FCC-ee, Individual
2
10° =~ I cepc, Marginalized [l CEPC, Individual
10 H | ‘
1g |
101 5
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Figure 5-29: Comparison of the current precision of EW observables and the projections for
CEPC and FCC-ee..
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5.5 Conclusion

In this chapter, the studies that search for the new physics beyond SM via direct and indirect
approaches are presented, including: indirect search using combined Higgs production and
decay mode measurements, direct search using combined searches for a resonance decaying into
a pair of Higgs bosons and indirect search using combined electroweak precision measurements.
The searches are interpreted in several BSM UV models and EFT framework. In all searches,
no obvious deviation from SM is observed, and stringent constraints are obtained on these BSM

theories.

The combined Higgs measurements are interpreted in EFT and BSM UV models. For the
SMEFT, the constraint on the Wilson coefficients corresponding to a rotated basis of Warsaw
basis are shown. Two scenarios are considered, one only includes the linear effect of the op-
erators and the other includes both linear and quadratic effect. In general, a good constraint
are observed. Some coefficients are constrained to the level of O(10~3) with only linear ef-
fect, which corresponds to the new physics scale of few hundreds TeV. The least constrained
coeflicients also reach the level of O(1), which shows the outstanding sensitivity of Higgs mea-
surements at LHC on Higgs operators. By considering the quadratic effect, the constraints are
tightened even further. For the UV models, four scenarios in 2HDM and in total of eight bench-
marks of MSSM are shown. These results are complementary to direct searches for the BSM
Higgs. The self-coupling loop effect on the SM Higgs process are considered for the first time
in Higgs interpretation. By comparing the constraint obtained in 2HDM Type-I, It can be found
that the self-coupling plays an important role in specific models and its sizeable effect can help
constrain the parameter spaces in the model. While in other 2HDM scenarios, its impact is
much smaller as they are already well constrained by the Yukawa coupling measurements. In
addition, a matching of EFT constraint to the UV models are conducted for 2HDM. It is found
that the results are consistent with the results obtained from direct interpretation, proving that

EFT is the valid low energy approximation of high energy UV models.

The combined direct search for a resonance decaying to a pair of Higgs bosons is inter-
preted in BSM UV models, including ZMSSM, several benchmarks of MSSM, Singlet model

and 2HDM. Three dominant final states are considered: bbbb, bbt T and bby y. A new inter-
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pretation scheme is introduced in this study, which relies on the feature in the BSM models
considered that the ratio between branching ratio of bbbb and bbt T remains the same as SM.
The new interpretation scheme greatly improve the consumption of fit, producing the inter-
pretation of a variety of models in a relative short time. The interpretation results show good

sensitivity of the resonant Higgs pair production in the searching for heavy Higgs.

The combined electroweak precision measurements are interpreted in EFT framework, with
an emphasis on the effect of Top quark EFT operators. These top quark EFT operators enter the
electroweak process via loop contribution, which is previously neglected in the tree-level treat-
ment. In this study, the tree-level framework is extended by adding the one-loop contributions
of the operators that involve the third generation quarks. This is motivated by the many new
physics where the third generation quarks play a special role as a portal to the BSM effect. It is
found that these third generation quark operators, especially the top quark ones, have significant
contributions to the electroweak processes. In an individual fit that only consider the impact
of single one operator at one time, these operators are constrained to a competitive level as the
tree-level operators. However, in a global fit that consider all the operators at the same time,
the reaches on the operator coefficients become significantly worse, as it is difficult to separate
the loop effects of the 3rd-generation quark operators from other tree-level effects. However,
in the UV models, the parameter spaces are usually much smaller. The less degree of freedom
will make it much easier for degenerate the effect of loop operators with tree-level effect. As a
demonstration, a fit is performed in a more constrained scenario where the only tree level con-
tributions are parameterized by the two oblique parameters S and 7. In this case, much better
constraints on the third generation quark operators are obtained. Finally, this study makes the
prediction of future colliders’ performance on constraining these third generation quark opera-
tors with their better precision on electroweak process. It is found that in the current projection,
the constraint on these operators will be much improved. And if the running energy of these
colliders can reach the top pair production threshold, the top operators can be probed at tree-
level. These results further validate the advantage of building an electron-positron collider with

higher energy and luminosity.

In conclusion, the three studies presented in this chapter search for the new physics via di-

rect or indirect approaches using different processes, showing comparable and complementary
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sensitivity in the BSM theories. These studies demonstrate the deep connection between the
Higgs, electroweak and top sectors. Thus, the precise measurements of these processes are of
vital importance for the ultimate test of SM and searches for BSM. It also proves the necessity of

building the future colliders that will bring us to a new uncharted territory of particle physics.
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Chapter 6

Conclusion and Outlook

The ATLAS experiment at LHC has gained enormous success in discovering and measuring
the properties of Higgs boson, and there is no obvious deviation from the Standard Model
prediction so far. However, the Standard Model is believed not to be the ultimate theory due to
its lack of explanation in many phenomena, and numerous beyond Standard Model theory has
been raised. Many of them has modification to the Higgs sector and predict a different behavior
of Higgs boson than the SM prediction. As a result, measuring the Higgs boson in more detail
and searching for the undiscovered decay modes as well as the BSM signatures are the focus of

ATLAS experiments.

This thesis presents the study of a search for Higgs decay to charm quarks in VH production
mode, using the pp collision at centre-of mass vs = 13 TeV data collected by ATLAS detector
during the LHC Run-2. Due to the similar topology, the measurement of VH (- bb) is carried
out simultaneously. Three channels are considered based on the number of charged leptons
from the vector boson decay. A custom flavor tagger is designed to coherently identify the b-
and c- jets. The events are categorized based on the flavor tagging information. For VH (-
cc), only resolved topology is considered and for VH (— bb), resolved and boosted topology
is considered. Multi-variate analysis technique is used to separate signal and backgrounds.
Dedicated Control regions are defined and shared between resolved VH (- bb) and VH (- ¢¢)
regimes to better control the main backgrounds: V+jets and top process. The signal strength of
VH (- c¢) and VH (- bb) are in good agreement with SM prediction. An observed(expected)
upper limit of 11(10) times SM cross-section times branching ratio at 95% CL for the VH (-~

cc) process is set. The results significantly improved by more than 100% compared with last
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iteration thanks to the application of MVA, better tagging performance and better background
control. The results are interpreted in kappa framework. The observed (expected) constraint on
l1c .| is || < 4.1(4.2) at 95% CL. The ratio between #,, and x . is constrained to be |# ./, <
3.6(3.5) with observed (expected) data. The |x ./, | value corresponding to the universality of
Higgs coupling to charm and bottom quarks is excluded by a significance of 3 ¢. The cross-
section of VH (- bb) process in STXS is measured, the uncertainties improved by up to 100%
compared with the previous study. To validate the BDT model and fit robustness, the VZ (- bb)
and VZ(— cc) process are used as cross-check. A dedicated BDT model is trained for them
and the analysis strategy remains the exact same as VH (- bb, c¢) analysis. The fit results agree
with SM, and the VZ(— cc¢) process is observed in the first time at ATLAS with a significance
of 5.3 ¢. All the results in this study show good consistency with the SM prediction, which
provides strong evidence for the BEH mechanism where the fermion masses are generated via

Yukawa coupling.

The thesis also presents the search for new physics beyond SM with the three sets of com-
bined measurements: combined Higgs production and decay mode measurements, combined

resonant Di-Higgs production and combined electroweak precision measurements.

The combined Higgs production and decay mode measurements are interpreted with EFT
and several BSM models: 2HDM and MSSM benchmark scenarios. The result is found to be
consistent with the SM and no indication for the new physics is found yet. Comparing with
the previous study, much larger phase spaces in the BSM models are excluded, mainly due to
the larger size of data collected and the effect of self-coupling is considered. A matching of
EFT constraint to the BSM UV model parameters are shown, which shows good consistency
with the direct interpretation results of BSM models. It validates that the EFT is the low energy
approximation of high energy UV models in Higgs process. In complementary to the searches
for deviation of SM process, the direct searches for the BSM particles is another approach to
exploit the physics beyond SM. A combined search for the BSM resonance decay to a pair of
Higgs bosons is also presented in this thesis. The results are interpreted in several BSM mod-
els: hAMSSM, 2HDM, Singlet model and MSSM benchmarks. No direct evidence of heavy
resonance is found and specific phase spaces in these models are excluded, which shows that

resonant Higgs pair production is one of the most sensitive channels in the searches for heavy
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Higgs. Finally, the study that probes the Top EFT operators with electroweak precision mea-
surement is shown. These operators are found to generate sizeable loop effect to the electroweak
process, which is neglected before in tree-level treatment. After considering these loop effect,
these top operators can be well constrained individually, but degenerate with other tree level
operators when considered simultaneously. By taking the projections from the future colliders,
these operators are expected to be much well constrained and can be separated from other oper-
ators with measurements above the top pair threshold, which indicates of advantages of future
colliders. All three searches did not observe obvious deviation from the SM. Meanwhile, these
studies demonstrate the effect of new physics at the electroweak energy scale, as well as the
interplay between the Higgs, electroweak and top sectors, which provides useful hints for the

construction and operation of future colliders.

The LHC has begun its Run-3 since 2022, with the aim of collecting a dataset twice large
as the one collected in Run-2. A lot of upgrades in the detector are also developed to ensure
the smooth operation of its run. A new flavor tagging scheme that utilize advance machine
learning techniques has been developed which significantly improve the ability to identify the
charm jets and lower the mis-tag rate. Furthermore, it provides the ability to tag the large-R
jet initiated from charm quark pairs that can be used to search VH (— c¢¢) process with high
pt Higgs, which is very sensitive to BSM effect. Similar improvements can be expected for
other objects identification and calibration. With the new dataset and all these improvements in
combined performance, in addition to the developments of more advanced analysis techniques,

the Higgs properties can be measured in more details.

As indicated in Figure 2-8, which shows the exclusion region in AMSSM phase spaces
by different channels, ATLAS has made huge effort in searching for the sign of physics be-
yond Standard Model in various models and signatures, and lots of parameter spaces have been
excluded so far. Yet there still remains huge parameter spaces to be tested, and there is the
possibility that the new physics lies in there.

After the Run-3, the LHC will be upgraded to the High-Luminosity LHC (LHC) which will
collect at least 3000 fb~!dataset at Vs = 14 TeV. It is expected to have evidence of Higgs
self coupling, which will be another milestone for the understanding of Higgs potential. The

Yukawa coupling of Higgs boson will also be measured with higher precision, which allows
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us to probe potential deviation from the Standard Model that can indicate the existence of new
physics. It is also possible to have direct observation of new physics which could bring the
particle physics to a new era.

Finally, with the future colliders that is now in the designing stage, the precision of elec-
troweak, Higgs and top process measurements will be improved to an exceptional high level.
The hidden sector of new physics can probably be revealed as well under the powerful in-
spection. At that time, these energy-frontier facilities will bring us to a completely uncharted

territory of physics.
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High voltage connections optimization for

HGTD modules

Introduction

High Granularity Timing Detector

The large increase of pile-up interactions is one of the main experimental challenges for the HL-
LHC physics program. Therefore, a High Granularity Timing Detector (HGTD)!?%8], based on
low gain avalanche detector (LGAD), has been proposed for the ATLAS Phase-II Upgrade.
Taking into account the typical number of hits per track in the detector, the target average time
resolution per track for a minimum-ionising particale is 30 ps at the start of lifelime, increasing
to 50 ps at the end of HL-LHC operation. The active detector element is made of LGADs
read-out by dedicated front-end electronics ASICs (ALTIROC). In the design, a bare module is
made of two parts: an LGAD sensor and two ASICs. The sensor and the ASICs are connected
through a flip-chip bump bonding process called hybridization. The ASICs are then connected
to the peripheral electronics through the module flex cable. The size of the bare modules is
around 2 x 4 cm? with 450 pads, and the nominal numbers of bare modules is 7984, all of them
are identical. The size of the pad is 1.3 x 1.3 mm? and each of the ASIC reads a matrix of 225

pads. The size of the ASIC is about 19 x 22 mm?.

Front End ASIC

The global architecture of the ASIC, called ALTIROC, is similar to the ASICs developed for
pixel detectors but with a significantly reduced number of channels, as shown in figure 1. The

ASIC will transform the analog signal from sensor to the digital information of hit, Time Of
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Arrival (TOA), Time Over Threshold (TOT). The sensor signal is amplified using a voltage
preamplifier with about 1 GHz bandwidth. Currently, there are two alternative kind of pream-
plifier: Transimpedance preamplifier (TZ) and Voltage preamplifier (VPA). The preamplifier is
followed by a fast discriminator. There are two Time to Digital Converter (TDC), one for TOA
and one for TOT measurement. For TOA measurement, architecture of TOA TDC is vernier
delay line, the leading edge of the discriminator’s output works as the start pulse and initializes
the TDC operation. The stop is given by the clock. This structure will minimize the power
dissipation when hits are absent. The TOA measurements are restricted to a 2.5ns windows
centered on the bunch crossing and the quantisation step is 20ps. The falling edge of discrim-
inator ouput provides the stop of the TOT TDC, which also use the leading edge as start, with
40ps quantisation step. The TOT information is used offline to correct the TOA for timewalk

effect. After correction, the residual variations are well within 10ps.

In order to test and qualify the production and connection of the sensors and ASICs, some
prototypes are made. Currently, a 5 x 5 channels sensor and ALTIROCT is made and under test.
ALTIROCI is the second ALTIROC ASIC prototype with 25 channels to readout 5 x 5 sensor
cells of 1.3mm x 1.3 mm with phase shifter. Figure2 shows a typical mini-module which is

wire bonded to the test board and high voltage.

There are several versions of ALTIROCI1 chips: ALTIROCI1_V1, ALTIROC1_V2, AL-
TIROC1_V3 and the chips that tested in this task are ALTIROC1_V2 and ALTIROCI1_V3.
For both of them, all pads are accessible when the sensor is bump bonded on the ASIC. Fig-
ure 3 shows the layout of ALTIROC1_V2. The mandatory pads are for clocks, slow controls
(SC), probe signals, command and data transmission. The debug pads are for debug and char-
acterize the ASIC, as well as check the power supplies. In the ALTIROC1_V2, two kinds of
preamplifier are used, 15 pads use VPA while the rest 10 pads use TZ preamplifier. For the
last pixel of each column, its additional capacitance can be adjusted from O to 3.5pF using SC
parameters. The additional capacitance on other channels is 0. For ALTIROC1_V3, all the
preamplifier is VPA. Similar to V2, the additional capacitance of all the channels in the first 4
columns can be adjusted from O to 7 pF. The pixels located in a same column share the same

capacitance set. In the last column, only the capacitance of last pixel can be adjusted.
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Figure 1: Global architecture of the ALTIROC ASIC.

Figure 2: A typical mini-module.
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Figure 3: Layout of ALTIROC1_V2 ASIC.
Timewalk Correction and High Voltage effect

The timewalk effect is brought by different rising time of different quantities of charge!?®®!, The
large charge will have a signal that rises faster than the slow one, which means the measured
TOA will be earlier than the slow one, as is shown in Figure 4. In order to correct this effect,
TOT information, which reflects the size of charge, will be used. As shown in Figure 5, as long
as the relationship between the TOT (given different quantities of electric) and the TOA value
(t; — ty in the figure) is measured, the timewalk effect can be corrected. This correction will

require an additional FPGA to apply during the operation of HGTD.

threshold

Figure 4: Left side: signals of different amplitude cross a fix threshold at different times, gen-
erating a delay 7, on the on the firing of the discriminator that depends upon the signal ampli-

tude. Right side: a linear signal, with amplitude S and rise time 7, crosses the threshold V,,
with a delay #,.
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threshold

to

Figure 5: Illustration of using TOT information to correct the TOA error brought by the time-
walk effect. #; is the actual TOA of the two signal with differernt size, ¢#; and ¢, is the mea-
sured TOA respectively. TOT; and TOT, is the measured TOT of two signals.

As aresult, it is important to study the formula of TOT and TOA with the amplitude of the
signals, in another word, the timing calibration. A smooth and stable relationship is expected
so that the uncertainty of the timewalk correction would be small. Some test have already been
done to study this relationship. As the sensor needs a bias voltage to drive the charge, a wire
is needed to connect the module with the high voltage (HV). In the TDR, one single HV wire
goes through a ring on the PEB board that holds module and connected to the HV source. In
the current test PEB board, the HV wires are wire-bonded to a L-shape HV pad. However,
these wires were found to make timing calibration unpredictable. Figure 6 shows preliminary
test results presented by OMEGA. The test is about the TOT measurement results of pixels
with two types of preamplifier when injecting different values of charge. The left plot is the
results when only have ASIC without sensor bonded, there are some small kinks, but the curve
is continuous overall. The right plot is the results when ASIC bump-bonded to sensor and bias
voltage wire-bonded. The VPA preamplifier results shows that there are discontinuities when
the injected charge around 8fC while the channels with TZ preamplifier shows better behavior.
The discontinuities will bring difficulties for the calibration of TOT measurement as well as the
timewalk correction. It is believed that this circumstance is due to the inductance brought by
the bias voltage wire-bonding and the VPA preamplifier is thus been affected. This study aims
to quantify this impact and optimize the best way of bias voltage connection.

As it is believed that the discontinuities is brought by the inductance of HV wires, this
study try to find if the timing calibration have some dependence on the number of HV wires.

Few test boards which have good performance are selected (reasonable TOA delay test, TOT
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Figure 6: Test result of TOT behaviour done by OMEGA. The left plot is results with ASIC
alone, the right plot is results with ASIC bump bonded to sensor and bias voltage wire-
bonded .

width test, threshold results and timewalk results) and initially they have tens of HV wires. The
module is wire-bonded to one specific test board, so the ID of the board is used to distinguish
different module. The wires are then gradually removed and timewalk test is done with different
number of wires for comparison. As it has been confirmed that different preamplifiers have
different response to the HV wires, the results are divided into two categories based on the type

of preamplifier.

Test Procedures

Test System

In the past one year, several sensors and ALTIROC1 ASICs are manufactured, assembled and
then delivered to IHEP. A test system is built to verify the function of the modules, including
the study of timewalk effect. All the tests done in this study are based on this system. Figure 7
is a schematic diagram of the test system and Figure 8 is a photo of the test system. The PC is
connected to the FPGA board (the black one) by Ethernet to setup the firmware and software
of FPGA and receive the output from FPGA. The FPGA board is designed by SLAC, in order
to control the ALTIROCI test board and readout the data. The FPGA then connected to the
ALTIROCT test board through PCI-E connection. The ASIC test board is designed by OMEGA,
whose major functionality includes controlling ASIC, power supply and voltage measurement.
The ASIC’s pad is connected to the pins on test board by wire bonding and the sensor is also
connected to HV pads in the same way. The HV is supplied by external voltage source. There

is an additional interface board which can be added between FPGA and ASIC boards, which is
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used to filter digital signals provided by FPGA. It can also translate the TOA busy CLPS signal

into CMOS signal, and this function is disabled in this test as it is designed for testbeam only.

HV supply

Figure 8: Photo of the test system.

All the different kinds of test need a signal that is controllable, so the signals are generated
by ASIC to mimic the signals from sensor. The signals are controlled by the cmd_pulse input
which is generated by the FPGA and synchronous to 40 M Hz. There is also an external trigger
that can characterize the TOT TDC or TOA TDC, which is sometimes enabled when doing

measurement of signals with different delay and width.

Timewalk test

As have been mentioned above, the timewalk test is for testing the TOA and TOT measured

results given different size of signals starting at the same time. It is desired that the TOT v.s. the
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signal amplitude would be in a good shape, in the other words, would be smooth, continuous and
distinguishable. Figure9 shows example timewalk test results. Note that larger TOA readout
values indicate earlier time of arrival. This example is measured with a pixel using VPA of
one ASIC+sensor module, but no HV wires bonded. In this case, the timewalk effect can be
corrected with small error due to the smooth and continuous relationship between TOT and
TOA. It is hoped that after HV wire-bonding, the relationship of TOT-Q and TOT-TOA could

be similar to these results instead of the shape in Figure 6.
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Figure 9: Example results of timewalk test. From up to down is: TOA readout value v.s. in-
jected charge (top), TOTc readout value v.s. injected charge (middle) and TOA readout value
v.s TOTc readout value (bottom).

Besides from the timewalk test, there are some other tests need to be done to ensure the

module is working properly, which is listed in the following.

TOA measurement

The TOA test is for testing the relationship of 7 bit TOA ouput between the actual arrival time,
in another word, the quantisation step. The designed value of the step is 20 ps. The FPGA will

send commands to generate signals with programmed delay and receive the TOA output of the
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ASIC, and estimate the step using the least square estimation. Figure 10 shows typical results
of TOA results. The upper left panel shows the plot of TOA readout value v.s. delay value of
the signal. One unit of the delay value is 9.5582 ps, which is measured in July 2019. The slope
of the non-zero part can be translated to the quantisation step. The other panels show the jitter

and distribution of the TOA measurement.

1201 LSB estimate: 19.782515 ps -
100 A
80 A
60 -

40

TOA Mean Value

20 A

0 ? 7 T T T T T 7
1750 1800 1850 1900 1950 2000 2050 2100 2150
Programmable Delay Value [step estimate = 9.558200 ps]

Figure 10: An example results of TOA test.

coarse TOT measurement

Similar to TOA test, coarse TOT (TOTc) test aims to measure the relationship between the 7-bit
TOTc output with the width of signal. The FPGA will generate signals with different values of
width, also in the unit of 9.5582 ps and get the output of TOTc measurement. An example of
test results is shown in Figure 11. One unit of TOTc readout is designed to correspond to 160

ps width.

Threshold scan

The threshold scan will measure the threshold voltage with a given quantity of electric charge
and this test reflects the noise of the signals. The program will gradually change the threshold
voltage and measure the number of hit. The low threshold voltage that passes all signals and
noises will be removed by a saturated TOA measured value. Figure 12 shows example test
results of threshold scan with an injected quantity of charge equals to 5 fC. The slope of the
falling edge of number of hits indicate the voltage noise. The more dramatically of the edge

falls, the smaller is the noise.
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Figure 11: An example results of TOTc test.
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Figure 12: An example results of threshold scan. The blue dot for the number of TOA hit, no
matter the value of it. The red dot for the number of TOA hit that TOA readout value smaller
then 127, where 127 means the TOA readout is saturated.
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Test Results

High Voltage wires removal

After doing the above-mentioned test and confirming that some channels in the module is work-
ing properly, the HV wires that are bonded to the HV pad are gradually removed using tweezers.
For Board 32 (B32), when the remaining number of wires is larger than 5 before removal, two
wires will be removed, one on the upper side and one on the left side. When there will be less
then 5 wires left, 1 wire will be removed each time. The numbers of wires on the left and up-
per side are controlled to be close to each other. The other boards follow the similar strategy.
Figure 13 is a photo of B32 that is taken when there is only one line left on the left side of the
module. Each time wires are removed, the timewalk test is done to study the relationship of
TOT, TOA and injected electric quantities. At some points, the TOA delay test and TOT width
test is done again to ensure the module is working as expected throughout the whole test. After
all HV wires are removed, the HV can no longer imposed on the module and thus the module

works like a bare ASIC.

Figure 13: Photo of IB06 with different number of HV wire. Left: with all 20 initially bonded
HV wires. Right: only two HV wires left.

Test Results

As it has been confirmed that channels with different preamplifiers have different reaction to
the HV wires, the test results are divided into two parts, based on the preamplifier used in the
pixel. There are in total three boards used in this study: B32, IBO3 and IB06. The 'T’ prefix
stands for the boards manufactured by IHEP. Dedicated tests have been done to ensure that they
have the same performance with the original boards. For simplicity, in the following part, the

channels using voltage preamplifiers will be named as VPA channels and the ones using TZ
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preamplifiers will be called TZ channels.

Voltage Preamplifier

Two boards are used for the performance of VPA: B32 and IB03. All the channels in them uses
VPA so in the following part, there will not be specific statement of what preamplifier does the

channel use.

Board 32

Board 32 (B32) is one selected test board with ALTIROC1_v3 module on it. It initially have 31
HYV wires, bonded to the up and left side of the sensor evenly (in the direction same as Figure 3).
The TOA using both external trigger and internal trigger, TOT width test and threshold scan
shows that this board have a relatively good performance, excepet for a few channels. Some
selected test results are shown in Figure 14. For the TOA test, most quantisation step is measured
to be around 20 ps. For TOT test, most quantisation step is measured to be around 160 ps. After
imposing a bias voltage of 70V, the TOA and TOT results hardly changes. The timewalk test is
also done with and without the bias voltage, as is shown in Figure 15, which indicates that the

amplitude of the high voltage doesn’t matter much.

TOA TOT

166.2 167.8 166.6

1659 1674

Figure 14: B32 TOA test (left) and TOTc test (right) results using external trigger. The num-
bers in the grid is the measured quantisation step of the corresponding channel, in ps. Order
of the channels is same as Figure 3. The blank block indicates that channel didn’t give reason-
able test results.
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Figure 15: TOTc v.s. injected electric quantities relationship of channel 9 in B32, the green
dot is results with 70V bias voltage imposed and the orange one is without bias voltage.

The left plot of Figure 16 shows the results of TOTc v.s. injected electric quantities (TOTc-
Q curve) with different number of wires. 70V high voltage is imposed in the case there are
wires connected. For 0 wire, as no voltage can be imposed, the results is marked with triangle.
From this plot, it can be found that when there is no wire connected, the performance is quite
stable, the TOTc-Q curve is smooth and continuous. As long as there is HV wire connected
to the module, there appear a platform, ranging from around 20fC to 40fC, where the TOTc
remains almost flat with the value around 60. The right plot of Figure 16 shows the results of
TOA v.s. TOTc with different number of wires. Due to the above-mentioned platform at TOT
readout value around 60 in the case there have HV wires connected, the slopes of TOA-TOT
curves also change dramatically at this point. In comparison, the 0 wire case gives a smooth
curve. It means that using this module, when the signal amplitude ranges from 20fC to 40fC,
the timewalk correction have large error as little deviation in TOTc readout value will translate
to large deviation of TOA readout value. Though from these plot, it can be found that increasing
the number of HV wires can help make these curves smooth and more like the case that there
is no HV wires, but the improvement is quite limited.

Same tests are done with wires connected but without high voltage imposed, which are
shown in Figure 17. The results indicate that even without high voltage imposed, the VPA will

still be affected and the timewalk correction will have large error. These results mean that the
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Figure 16: B32 channel 9 test result of TOTc v.s. Q (left) and TOA v.s. TOTc (right) with
different number of wires, 70V bias voltage imposed (except for O wire that have no voltage).
Different colors stand for results of different number of wires connected.

main reason for the discontinuities of VPA is not the electric fields generated by the HV wires.

Additionally, in some channels, imposing high voltage will give a more stable TOT readout

value at large Q, but not a common case for all channels, so it is considered as a coincidence.
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Figure 17: B32 channel 9 test result of TOT v.s. Q (left) and TOA v.s. TOT (right) with dif-
ferent number of wires, no bias voltage imposed. Different colors stand for results of different
number of wires connected.

Other channels of B32 shows the similar results. Figure 18 shows the results of channel 10.
The y-axis is the TOTc readout value of different number of wires divided by the TOTc readout
value of 0 wire. It also shows that the amplifier is affected mostly when the injected electric
charges are around 30fC.

Figure 19 shows the derivatives of TOA-TOTc curve. The left plot is B32 channel 10 test
result of TOA v.s. TOTc, the measured values are in dot and the solid line is the fitted curve
using B-Spline function. The right plot is the derivatives of the fitted curve, which can be con-

sidered as the reflection of timewalk correction uncertainty with the assumption that the TOTc
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Figure 18: B32 channel 10 test result of TOT divided by TOT value of 0 wires. The left plot
is without high voltage imposed and the right one is with 70V. Different colors stand for re-
sults of different number of wires connected.

measurement have a consistent uncertainty. Figure 20 are the results of channel 10 but without
bias voltage imposed on the module. As the plots show, as long as the wires are connected even
without bias voltage imposed, the performance of time calibration will suffer. From these plots,
it can be concluded that the HV wire itself will bring the time calibration unstable and large

uncertainty.
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Figure 19: Left: B32 channel 9 test result of TOA v.s. TOTc, the measured values are in

dot and the solid line is the fitted curve using B-Spline. The left plot the derivatives calcu-
lated with the fitted curve. These tests are done with 70V bias voltage imposed (except for O
wire that have no voltage). Different colors stand for results of different number of wires con-
nected.

IB03

The IBO3 is another selected boards for testing the VPA channels. It aslo have an ALTIROC1_v3

module on it and initially have 20 HV wires bonded, evenly connected to the HV pad. TOA
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Figure 20: Left: B32 channel 10 test result of TOA v.s. TOTc, the measured values are in
dot and the solid line is the fitted curve using B-Spline. The left plot the derivatives calcu-
lated with the fitted curve. These tests are done without bias voltage imposed. Different col-
ors stand for results of different number of wires connected.

delay test and TOT width test using internal pulser and external pulser are done to ensure the
function of this test board. Unluckily, only the last column of the module is working properly
due to the poor bump-bonding.

Figure 21 shows the test results of channel 22. The left plot is the TOTc-Q curve with 70V
high voltage imposed and the right plot is the TOA-TOTc curve. The results are similar to
those of B32, there is a flat platform at Q around 20fC and the TOA-TOTc curve have some

discontinuities when TOTc readout value is around 40.
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Figure 21: IBO3 channel 22 test result of TOTc v.s. Q (left) and TOA v.s. TOTc (right) with
different number of wires, 70V bias voltage imposed (except for O wire that have no voltage).
Different colors stand for results of different number of wires connected.

Figure 22 shows the results of TOA v.s. TOT with B-Spline fit and the derivatives of the
fitted curve, which are similar to the B32 test results. Having HV wires will bring larger fluc-

tuation to the derivatives, which means larger error for timewalk correction.
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Figure 22: IBO3 channel 23 test result of TOA v.s. TOT (left) with B-Spline fit and the
derivatives of the fitted curve (right) with different number of wires, 70V bias voltage im-
posed (except for 0 wire that have no voltage). Different colors stand for results of different
number of wires connected.

From these results and the results of B32, it can be concluded that the HV wires will have a
significant impact on the performance of channels that uses VPA, regardless the number of the
HV wires and whether the bias voltage is imposed. The number of HV wires has some minor
effect, the performance of timing calibration will be slightly better when increasing the number
of HV wires. However, the improvement is small and there will always be large difference with
the case when there is no HV wires connected. The amplitude of high voltage also has a minor
effect. Discontinuities in time calibration exists in both 70V bias voltage and O bias voltage, as
long as the HV wires are connected. It indicates that the effect may not due to the electric field

brought by the wires.

TZ Preamplifier

From the previously results, it can be seen that the TZ preamplifier seem to be hardly affected
by the HV wires. However, the drawback of using TZ preamplifier is that the TOTc readout is
insensitive to the injected electric quantities. When the Q is increased to larger than 20 fC, the
TOTc readout will almost remain same.

One test board is selected to test the channels using TZ preamplifier: IB06. This board
have ALTIROC1_v3b on it, which have 15 TZ channels and 10 VPA channels. There are 20
HV wires connected initially. The regular tests show that the VPA channels are not working

properly, so only the TZ channels are used for further test. Additionally, the TOA TDC of this
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module is broken so only the TOTc-Q curve can be used.

The selected timewalk test results are shown in Figure 23. The left plot is channel 11 test
results with 20 HV wires and imposing differnt amplitude of bias voltage, which indicate that
the performance of TOT measurement is hardly affected by the amplitude of bias voltage for TZ
channels. The right plot is channel 4 test results with different number of HV wires, 70V bias
voltage imposed. This plot shows that the number of HV wires have mildly effect on the TOT
measurements of TZ channels. In general, the TZ channels work consistently with or without

HV wires.
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Figure 23: IBO3 test result of TOTc v.s. Q. Left: channel 11 test results with 20 HV wires
and imposing differnt amplitude of bias voltage. Different colors stand for different voltage
amplitude. Right: channel 4 test results with different number of HV wires, 70V bias voltage
imposed. Different colors stand for results of different number of wires connected.

Conclusion

Given all the test results shown above in this study, it can be confirmed that the HV wires have
different degrees of effect on two kinds of preamplifiers. For channels using VPA, the HV
wires will have a significant effect on the performance of timing calibration, which makes the
error of timewalk correction large. Moreover, changing number of HV wires would relieve
this effect, but only with limited improvement. Having a dense number of HV wires has a
slightly better performance of timing calibration then having only one HV wire. As a result, the
inductance between the HV wires could be a really minor reason for this effect. Because this
effect exists as long as the wire connected, even without bias voltage imposed, the electric field

generated by the HV wires may also not be the reason for the effect. Changing the method of
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Conclusion

high voltage (e.g. using conductive glue) would also hardly help and difficult to conduct in the
final module assembly. By contrast, the channels using TZ preamplifier are hardly affected by
the HV wires. Thus using TZ preamplifiers seems to be the best solution to this high voltage
connection problem. However, TZ preamplifier makes TOT measurement insensitive to the
size of injected charge, which will also bring some error to the timewalk correction. Given the
results from this study, the later prototypes of ALTIROC manufactured (ALTIROC3) are using

the TZ preamplifiers.
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VH (- bb,c¢) Analysis Detail

Kinematic Fit Transfer function

The distribution of pp(OneMu)/pt(TruthWZ) (solid) and fitted transfer function (dashed) of

Cr, Cy, and N jets in VH (- cc¢) 2-lepton 2+3 jets events are shown in Figure 24 and 25.
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Figure 24: The distribution of pr(OneMu) /pt(TruthWZ) (solid) and fitted transfer function
(dashed) of Cy, Cy, and N jets in VH (= cc) 2-lepton 2+3 jets events. Blue indicates the jets
has a muon in its decay and orange indicates the jets without the muon. The jets are required
to have n < 1.2.
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Figure 25: The distribution of pr(OneMu) /pt(TruthWZ) (solid) and fitted transfer function
(dashed) of Cy, Cy, and N jets in VH (= cc) 2-lepton 2+3 jets events. Blue indicates the jets
has a muon in its decay and orange indicates the jets without the muon. The jets are required
to have n > 1.2.
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VH (- bb, c¢) Post-fit Distribution

VH (- bb, c¢) Post-fit Distribution

Resolved O-lepton channel
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Figure 26: MVA in resolved VH (- bb) 0-lepton SR.
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Figure 27: p¥ in resolved VH (- bb) 0-lepton High-AR-CR.
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VH (- bb, c¢) Analysis Detail
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Figure 28: m,; in 0-lepton topCR.
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Figure 29: MVA in VH (- cc¢) 0-lepton SR.
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VH (- bb, c¢) Post-fit Distribution
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VH (- bb, c¢) Analysis Detail
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Figure 31: p¥ in VH (- ¢¢) 0-lepton V+1 CR.
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VH (- bb, c¢) Post-fit Distribution

Resolved 1-lepton channel
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Figure 32: MVA in resolved VH (- bb) 1-lepton SR.
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VH (- bb, c¢) Analysis Detail
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Figure 33: p¥ in resolved VH (- bb) 1-lepton High-AR-CR.
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VH (- bb, ¢¢) Post-fit Distribution
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Figure 34: m,,, in resolved VH (- bb) 1-lepton High-AR-CR.
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Figure 35: m; in 0-lepton topCR.
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Figure 37: m,.. in VHcc 1-lepton CRHigh, 2 c-tag regions..

291



VH (- bb, c¢) Analysis Detail

x10° x10°

> R o I > R T T A S o B L R et
] —e— Data ] [0} L —e— Data 4
o [ Multijet — o 60— Top(balqq) -]
g fs=13Tev, 140 fb™" o wemf 7 g F (s=13TeV, 140 o™ [ Multijet ]
Y 1 lepton, 2 jets, C_N-tag wHf ] 39 E 1lepton, 3jets, C_N-tag [ wemf 7
P <pY <150 GeV vneertainty = 2 50 75 Gev <p¥ <150 Gev ot B
‘rg 75 GeV < py B ,‘g C spr Uncertainty ]
o High AR CR B 3] [ High AR CR 1
> ——— B >
w - w |
U O
81_2J\‘\H\‘HH‘HH‘HH‘HH‘HH‘HH’ al.ZJ\‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH?
+ L 1 + C 1
2 1 2 1
3 C Bl 3 C 1
F LY L T TN N P AP A W T g il il i e e
o 80 90 100 110 120 130 140 150 o 80 90 100 110 120 130 140 150
pY [GeV] pY [GeV]
X ¥ X ¥
3 45;*“—0‘-93“;“‘*; 3 35;“_.‘_“3“‘?
o - o wmf | Qo I Top(bq/qq) —
S A0 (s=13Tev, 140 fb* wHf = S 3of fs=13Tev, 140 fb™* - weme i
o E 1lepton, 2jets, C,N-tag EZ7 Uncertainty B N F 1Llepton, 3jets, C_N-tag n’*'f aint B
2 35 150Gev <pY <250 Gev E 2 e[ 150GeV = p! <250 Gev neertanty B
5 E_ High AR CR 3 5 [ High AR CR ]
2 = = > 7
w 3 w -
5
O oA T T T T T T
B D T T e
RS E ek 1
e 1 [
3 = E 3 E ]
‘ag:g N N B PR BTN PN PR SR R P F Y YL N RN T ETET ET ET ST ST P
O 150 160 170 180 190 200 210 220 230 240 250 O 150 160 170 180 190 200 210 220 230 240 250
pY [GeV] P [GeV]
%9000;‘”‘H“H“‘_.‘_Ba;awuwu;: 2000 T T T T I
C [ Multijet 3 o C Top(ba/qq) 3
g 8000 {s=13TeV, 140 fb™ . Wemf = g 7000/ {s=13Tev, 140 fb™ 1 Multijet =
a 7000; 1lepton, 2 jets, C_N-tag nl::'ena.n:y E E E 1lepton, 3jets, C_N-tag -x:lf;" E
g £ p_.‘; > 250 GeV } E g 6000— pTT’ > 250 GeV 22 Uncertainty 3
:>j 6000 High AR CR 4 La>lj E High AR CR E
5000 3 : ]

FlSp T T Ty O e B B
.- ] b1t :
%0.55\\\\\\\\\\\\\\\\\\\\\\\\\\\\\E gO.SE\\\\\\\\\\\\\\\\\\\\\\\\\\\\\E
a 260 280 300 320 340 360 380 400 o 260 280 300 320 340 360 380 400
pyY [GeV] pyY [GeV]

Figure 38: pY in VHcc 1-lepton CRHigh, 1 c-tag regions.
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VH (- bb, c¢) Post-fit Distribution

Figure 39: p¥ in VHcc
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VH (- bb, c¢) Analysis Detail

Resolved 2-lepton channel
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Figure 40: MVA in resolved VHbb 2-lepton SR.
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VH (- bb, c¢) Post-fit Distribution
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Figure 41: p¥ in resolved VHbb 2-lepton High-AR-CR.
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VH (- bb, c¢) Post-fit Distribution
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Figure 43: MVA in VHcc 12-lepton SR.
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Figure 44: m,.. in VHcc 2-lepton CRHigh.
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Figure 45: p¥ in VHcc 2-lepton CRHigh.
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VH (- bb, c¢) Post-fit Distribution
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Figure 46: p¥ in VHcc 2-lepton V+1 CR.
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Figure 47: MVA in boosted VHbb 0-lepton SR.
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VH (- bb, ¢¢) Post-fit Distribution
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Figure 49: MVA in boosted VHbb 1-lepton SR.
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Figure 51: MVA in boosted VHbb 2-lepton category.
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VH (- bb, c¢) Analysis Detail

Experimental Uncertainties

Systematic uncertainty name Description Categories
Luminosity & Pile-up
LUMI_2015_2018 Uncertainty on total integrated luminosity all
PRW_DATASF Uncertainty on pile-up modelling all
Electrons
EL_EFF_Trigger_TOTAL Trigger efficiency uncertainty all
EL_EFF_Reco_TOTAL Reconstruction (reco.) efficiency uncertainty all
EL_EFF_ID_TOTAL Identification (id.) efficiency uncertainty all
EL_EFF_Iso_TOTAL Isolation efficiency uncertainty all
EG_SCALE_ALL Energy scale uncertainty all
EG_RESOLUTION_ALL Energy resolution uncertainty all
Muons
MUON_EFF_RECO_STAT(SYS) Reconstruction and ID efficiency uncertainty for muons with pp > 15 GeV all
MUON_EFF_RECO_STAT(SYS)_LOWPT Reco. and ID efficiency uncertainty for muons with pr < 15GeV all
MUON_EFF_ISO_STAT(SYS) Isolation efficiency uncertainty all
MUON_EFF_TTVA_STAT Track-to-vertex association efficiency uncertainty all
MUON_SCALE Momentum scale uncertainty all
MUON_SAGITTA_DATASTAT (RESBIAS) Momentum scale uncertainty to cover charge-dependent local misalignment effects all
MUON_CB Combined momentum resolution uncertainty of the inner detector (muon spectrometer) all
MUON_EFF_TrigStat(Syst)Uncertainty Trigger efficiency uncertainty all
Taus
TAUS_TRUEHADTAU_EFF_RECO_TOTAL Reconstruction efficiency all
TAUS_TRUEHADTAU_EFF_ELEOLR_TOTAL Electron veto efficiency for taus that truth matched to an electron all
TAUS_TRUEHADTAU_EFF_RNNID_x* RNN ID efficiency all
TAUS_TRUEHADTAU_SME_TES_x* In-Situ Tau Energy Scale correction all
TAUS_TRUEELECTRON_EFF_ELEBDT_x* Electron Veto efficiency SF all
P and B},

MET_SoftTrk_ResoPara(Perp) ’Soft term’-related longitudinal(transverse) resolution uncertainty all
MET_SoftTrk_Scale ’Soft term’-related scale uncertainty all
MET_JetTrk_Scale E?‘lﬁ( scale uncertainty all
METTrig(Stat,W,Z,Sumpt) trigger efficiency uncertainty resolved

Table 1: Summary of experimental systematic uncertainties on luminosity, pile-up, lepton and

ET'S reconstruction.
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Experimental Uncertainties

Systematic uncertainty name Description Categories
Small-R jets
JET_BJES_Response Energy scale uncertainties for b-jets all
JET_EffectiveNP_Detector{1-2} Energy scale uncertainties due to in-situ calibration resolved
JET_EffectiveNP_Mixed{1-3} Energy scale uncertainties due to in-situ calibration resolved
JET_EffectiveNP_Modelling{1-4} Energy scale uncertainties due to in-situ calibration resolved
JET_EffectiveNP_Statistical{1-6} Energy scale uncertainties due to in-situ calibration resolved
JET_EtaIntercal_Modelling(TotalStat) Energy scale uncertainties to cover 5-intercalibration non-closure resolved
JET_EtalIntercal_NonClosure_2018data Energy scale uncertainties to cover non-closure with 2018 data resolved
JET_Flav_Comp(Flavor_Response) Energy scale uncertainty related to flavour composition (response) resolved
JET_PU_{0ffsetMu(NPV),PtTerm,RhoTopology} Energy scale uncertainties due to pile-up effects resolved
JET_PunchTroughMC16 Energy scale uncertainty for ’punch-through’ resolved
JET_SingleParticle_HighPt Energy scale uncertainty for the behavior of high-p jets resolved
JET_JvtEfficiency JVT efficiency uncertainty resolved
JET_fIvtEfficiency fJVT efficiency uncertainty resolved
JET_JER_DataVsMC_MC16 Energy resolution uncertainty resolved
JET_JER_EffectiveNP_{1-11,12restTerm} Energy resolution uncertainties resolved
Large-R jets
FJ_CR_JET_EffectiveNP_R10_Detector{1-2} Energy and mass scale uncertainty due to in-situ calibration boosted
FJ_CR_JET_EffectiveNP_R10_Mixed{1-4} Energy and mass scale uncertainty due to in-situ calibration boosted
FJ_CR_JET_EffectiveNP_R10_Modelling{1-4} Energy and mass scale uncertainty due to in-situ calibration boosted
FJ_CR_JET_EffectiveNP_R10_Statistical{1-6} Energy and mass scale uncertainty due to in-situ calibration boosted
FJ_CR_JET_EtalIntercal_Modelling Energy and mass scale uncertainties to cover n-intercalibration non-closure  boosted
FJ_CR_JET_EtaIntercal_NonClosure_2018data Energy and mass scale uncertainties to cover non-closure with 2018 data boosted
FJ_CR_JET_R10_TotalStat Energy and mass scale uncertainties to cover non-closure boosted
FJ_CR_JET_Flav_Comp(Flavor_Response) Energy and mass scale uncertainty related to flavour composition (response) boosted
FJ_CR_JET_SingleParticle_HighPt Energy and mass scale uncertainty for the behavior of high-py jets boosted
FJ_CR_JET_LargeR_TopologyUncertainty_top (V) Energy and mass scale uncertainty on topology boosted
FJ_CR_JET_JIMS_FF_x Mass scale uncertainty due to basic data-simulation differences boosted
FJ_CR_JET_JIMS_Rtrk_sx Mass scale uncertainty on reference tracks boosted
FJ_CR_JET_JMS_Topology_QCD Mass scale uncertainty due to modelling boosted
FJ_JER_DataVsMC_R10_MC16 Energy resolution uncertainty boosted
FJ_JER_dijet_R10_x Energy resolution uncertainty boosted
FJ_JER_All0thers Energy resolution uncertainty boosted
FJ_JMR_COMB_x* Mass resolution uncertainty boosted
Table 2: Summary of jets experimental systematic uncertainties.
Systematic uncertainty name Description Categories
b—tagging: VR track jets
FT_EFF_VR_Eigen_B_{0-44} b—tagging efficiency uncertainties for b-jets boosted
FT_EFF_VR_Eigen_C_{0-19} b—tagging efficiency uncertainties for c-jets boosted
FT_EFF_VR_Eigen_Light_{0-35} b—tagging efficiency uncertainties for light jets boosted
FT_EFF_VR_Eigen_T_{0-19} b—tagging efficiency uncertainties for -jets! boosted
FT_EFF_VR_extrapolation_pt b—tagging efficiency uncertainty for high-p; jets boosted
Flavour tagging: PFlow jets
FT_EFF_PFlow_Eigen_B_{0-44} b—tagging efficiency uncertainties for b-jets resolved
FT_EFF_PFlow_Eigen_C_{0-19} b—tagging efficiency uncertainties for c-jets resolved
FT_EFF_PFlow_Eigen_Light_{0-35} b—tagging efficiency uncertainties for light jets  resolved
FT_EFF_PFlow_Eigen_T_{0-19} b—tagging efficiency uncertainties for T-jets > resolved
FT_EFF_PFlow_extrapolation_pt b—tagging efficiency uncertainty for high-p; jets resolved

Table 3: Summary of flavor tagging experimental systematic uncertainties.
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VH (- bb, c¢) Analysis Detail

Modelling Nuisance Parameters

The following tables summarize the nuisance parameters concerning the modelling of the physics

process used in the VH (- bb, c¢) analysis.

Syst Name Description Samples/Categories | Value Effect
VHbb_BR VH (- bb) BR unc VHbb, 0,1,2 lep 1.61% Norm
VHcc_BR VH (- ¢¢) BR unc VHce, 0,1,2 lep 330 Norm
VHce_ZHXsec ZH production cross-section ZHcc, 0,1,2 lep e ¥ Norm
VHcc_WHXsec WH production cross-section WHcg, 0,1,2 lep 200 Norm
VH_PwPy8toPwHwg7 'VH Parton shower uncertainty VH(bb/cc), 0,1,2 lep - Shape + Norm
VHNLOEWK VH NLO EW uncertainty VH(bb/cc), 0,1,2 lep - Shape + Norm
SysMURMUFUP_Higgs_[075-150,150-250,250-400,400-600,600+]ptv | renormalisation scale shape VH(bb/cc), 0,1,2 lep - Shape
TheoryPDF_[01-28] PDF uncertainty from STXS templates | VH(bb/cc), 0,1,2 lep - Shape + Norm
TheoryQCDscaleDelta[75,150,250,400,Y]_[qq.gg]VH QCD scale variations among py bins VH(bb/cc), 0,1,2 lep - Shape + Norm

Table 4: Signal nuisance parameters.
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Modelling Nuisance Parameters

Syst Name Description Samples/Categories applied to Value Effect
‘WWNorm_[boosted, resolved] ‘WW normalisation uncertainty WW, VH(bb/cc) 16% norm
WZNorm ‘WZ normalisation uncertainty WZ, resolved VH(bb/cc) 19% norm
WZNorm_boosted ‘WZ normalisation uncertainty WZ, boosted VH(bb) 27% norm
ZZNorm ZZ normalisation uncertainty ZZ, resolved VH(bb/cc) 17% norm
ZZNorm_boosted ZZ normalisation uncertainty ZZ, boosted VH(bb) 17% norm
ggVVNorm_[boosted, resolved] ggVV normalisation uncertainty ggVV, VH(bb/cc) 30% norm
WZ_nLepAcc_LO ‘WZbb and WZcc 1lep/Olep acceptance ‘WZhf, Resolved Olep 4%-10% Norm
WZ_nLepAcc_boosted_LO ‘WZbb and WZcc 1lep/Olep acceptance ‘WZhf, Boosted VH(bb) Olep 7% Norm
77 _nLepAcc_LO Z7Zbb and ZZcc 2lep/Olep acceptance Z7hf, Resolved Olep 2%-23% Norm
77 _nLepAcc_boosted_LO Z7Zbb and ZZcc 2lep/Olep acceptance Z7hf, Boosted VH(bb) Olep 7% Norm
‘WW_nLepAcc_LO ‘WW 1lep/0lp acceptance WW, Resolved OL 6% Norm
‘WW _nLepAcc_boosted_LO ‘WW 1lep/Olp acceptance WW, Boosted OL 10% Norm
‘WZhadlep_nLepAcc_LO ‘WZhadlep 2lep/Olep acceptance ‘WZhadlep, Resolved OL 10% Norm
‘WZhadlep_nLepAcc_boosted_LO ‘WZhadlep 2lep/Olep acceptance ‘WZhadlep, boosted OL 10% Norm
‘WZlephadbkg_nLepAcc_LO ‘WZlephad 1lep/Olep acceptance WZlephadbkg, Resolved OL 4% Norm
WZlephadbkg_nLepAcc_boosted_LO ‘WZlephad 1lep/Olep acceptance WZlephadbkg, Resolved OL 10% Norm
77bkg_nLepAcc_LO 77 2lep/Olep acceptance ZZbkg, Resolved OL 13% Norm
ZZbkg_nLepAcc_boosted_LO ZZ 2lep/Olep acceptance ZZbkg, Resolved OL 10% Norm
77_extrap_to_CRHigh Z7bb and ZZcc SR/CRHigh acceptance Z7hf, Resolved 0 and 2L 12%-20% | Norm
WZ_extrap_to_CRHigh WZ SR/CRHigh acceptance WZht, Resolved 0 and 1L 12%-20% | Norm
WZ_extrap_to_CRLow_L1 WZ SR/CRHigh acceptance WZhf, Resolved 1L 18%-50% | Norm
WW_extrap_to_CRHigh WW SR/CRHigh acceptance WW, Resolved 0 and 1L 10%-16% | Norm
WZhadlep_extrap_to_CRHigh WZhadlep SR/CRHigh acceptance ‘WZhadlep, Resolved VH(bb/cc) 12%-16% | Norm
WZlephadbkg_extrap_to_CRHigh WZlephadbkg SR/CRHigh acceptance WZlephadbkg, Resolved 0 and 1L 10%-11% | Norm
Z7bkg_extrap_to_CRHigh ZZbkg SR/CRHigh acceptance uncertainties Z7bkg, Resolved 0 and 2L 6%-7% Norm
77 _nJAcc_[3,4]] Z7bb and ZZcc 2jets/3jets, 3jets/4jets acceptance Z7hf, Resolved 0 and 2L 10%-30% Norm
WZ_nJAcc_[3,4]] WZbb and WZcc 2jets/3jets, 3jets/4jets acceptance WZhf, Resolved 0 and 1L 16%-22% Norm
WW_nJAcc_[3,4]] WW 2J to 3] and 3] to 4] acceptance WW, Resolved OL 3 and 4jets and 1L 3jets 12% Norm
WZhadlep_nJAcc_[3,4]J WZhadlep 2J to 3J and 3] to 4J acceptance WZhadlep, Resolved OL and 2L 3 and 4(+)jets and 1L 3jets 10%-37% Norm
WZlephadbkg_nJAcc_[3,4]] WZlephadbkg 2J to 3J and 3] to 4] acceptance WZlephadbkg, Resolved OL 3 and 4(+)jets and 1L 3jets 11%-14% Norm
Z7Zbkg_nJAcc_[3,4]) ZZbkg 2] to 3 and 3] to 4] acceptance Z7bkg, Resolved OL and 2L 3 and 4(+)jets 10%-42% Norm
ZZ_pTVAcc_[075-150,250-400]ptv ZZbb and ZZcc pY med-low and med-high acceptance ZZhf, Resolved 0 and 2L 3%-9% Norm
ZZ_pTVAcc_600ptv ZZbb and ZZcc pY 400-600 to >600 acceptance ZZhf, 0 and 2L Boosted, py >600 GeV 8% Norm
WZ_pTVAcc_[75-150,250-400]ptv WZbb and WZcc pY med-low and med-high acceptance WZhf, Resolved 0 and 1L 2%-16% Norm
WZ_pTVAcc_600pty WZbb and WZcc pY 400-600 to >600 acceptance WZhf, 0 and 1L Boosted, py > 600GeV 7%-40% Norm
WW_pTVAcc_[75-150,250-400]ptv ‘WW med-low and med-high plv_ acceptance WW, Resolved 0,1L 7% Norm
WW_pTVAcc_600ptv WW med-low and med-high py acceptance WW, Boosted 0,1L 10% Norm
‘WZhadlep_pTVAcc_[75-150,250-400]ptv ‘WZhadlep med-low and med-high pY acceptance ‘WZhadlep, Resolved 0,1,2L 4%-10% Norm
‘WZhadlep_pTVAcc_600ptv ‘WZhadlep med-low and med-high pY acceptance ‘WZhadlep, Boosted 0,2L 30% Norm
‘WZlephadbkg_pTVAcc_[75-150,250-400]ptv | WZlephadbkg med-low and med-high py acceptance ‘WZlephadbkg, Resolved 0,1L 5%-9% Norm
WZlephadbkg_pTVAcc_600ptv ‘WZlephadbkg med-low and med-high p} acceptance WZlephadbkg, Boosted 0,1L 30% Norm
ZZbkg_pTVAcc_[75-150,250-400]ptv Z7bkg med-low and med-high pY acceptance Z7bkg, Resolved 0,2L 4%-8% Norm
ZZbkg_pTVAcc_600ptv ZZbkg med-low and med-high p} acceptance Z7bkg, Boosted 0,2L 10% Norm
Sys[WZ,ZZ]QCDscale_d[3],4],150,250,600] | WZ, ZZ signal components p.}./ xnJ acceptance uncertainties | WZhf, ZZhf, Resolved and Boosted VH(bb/cc) -42.2%-32% | Norm
Table 5: Diboson norm nuisance parameters shapes.
Syst Name Description S: les/Categories applied to | Effect
Carl_WW_Sh2211toPwPy8_|[resolved,boosted] WW Sherpa2211 vs. PwPy8 WW O0and IL shape
Carl_WW_Sh2211toSh221_][resolved,boosted] WW Sherpa2211 vs. Sh221 WW O0and 1L shape
Carl_ZZ_Sh2211toPwPy8_|[resolved,boosted] Z7Z Sherpa2211 vs. PwPy8 77 0 and 2L shape
Carl_ZZ_Sh2211toSh221_[resolved,boosted] ZZ Sherpa2211 vs. Sh221 ZZ 0 and 2L shape
Carl_WZ_Sh2211toPwPy8_[resolved,boosted] ‘WZ Sherpa2211 vs. PwPy8 WZ0, 1 and 2L shape
Carl_WZ_Sh2211toSh221_[resolved,boosted] ‘WZ Sherpa2211 vs. Sh221 WZ0, 1and 1L shape
Diboson_ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF?2_{[resolved,boosted] | Diboson, Sh2.2.11 QCD variation | Diboson, all channel shape
Diboson_MURI1_MUF1_PDF303200_MULTIASSEW Diboson, EWK shape Diboson, all channel shape

Table 6: Diboson shape nuisance parameters shapes.
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Syst Name Description Samples/Categories applied to Value | Effect
norm_Zhf J[2,3+]_[075-150, 150-250, 250-400] | Zhf norm Zhf, 0 and 2L, VH(bb/cc) Floating | Norm
norm_Zhf_J3_[075-150, 150-250, 250-400] Zhf norm Zhf, VH(bb) 0 and 2L, VH(cc) OL Floating | Norm
norm_Zhfmf_Min400 Zhf norm Zhf and Zmf, 0 and 2L, [1-}-/ > 400 GeV, VH(bb) | Floating | Norm
norm_Zmf_J[2,3+]_[075-150, 150-250, 250-400] | Zmf norm Zmf, 0, 1 and 2L, VH(bb/cc) Floating | Norm
norm_Z1_J[2,3+]_[075-150, 150-250, 250-400] ZIf norm ZIf, 0, 1 and 2L, VH(bb/cc) Floating | Norm
ZbbZccRatio_resolved Zcc/Zbb ratio Zcc, resolved 8-12% Norm
ZblZclRatio_resolved Zbl/Zcl ratio Zbl, resolved 4% Norm
ZbcZclRatio_resolved Zbc/Zcl ratio Zcl, resolved 10% Norm
ZbbZccRatio_boosted Zcc/Zbb ratio Zcc, 0 and 2L, boosted 6% Norm
ZbcZblRatio_boosted Zbc/Zbl ratio Zbc, 0 and 2L, boosted 6% Norm
ZbcZclRatio_boosted Zcl/Zbc ratio Zcl, 0 and 2L, boosted 6% Norm
ZhfmfRatio_boosted Zhf/Zmf ratio Zmf, 0 and 2L, boosted 5% Norm
Zhf_extrap_from_CRHigh_BMin_J[2,3,4] Zhf SRCR ratio Zhf, 0 and 2L, SR 7-30% Norm
Zmf_extrap_from_CRHigh Zmf SRCR ratio Zmf, 0 and 2L, SR 5-7% Norm
Z1_extrap_to_CRHigh Z1 SRCR ratio Zmf, 0 and 2L, CRHigh 5-7% Norm
ZINorm_boosted Z1 norm 71, 0 and 2L, boosted 35% Norm
Zjets_extrap_from_SR_boosted Zjets SR to top CR extrap. Zhf and Zmf, OL, boosted Top CR 15% Norm
Zht_nLepAcc_LO_resolved Zhf 2L to OL channel acceptance Zhf, OL, Resolved 4-8% Norm
Zmf_nLepAcc_LO_resolved_[2,3]J Zmf channel acceptance Zmf, OL, Resolved 3-8% Norm
Z1_nLepAcc_LO0_resolved_[2,3]J Z1 channel acceptance 71, OL, Resolved 4-10% Norm
Zjets_nLepAcc_boosted Zhf and Zmf channel acceptance boosted | Zhf and Zmf, OL 3% Norm
RatioPTV_Zjets_boosted_Zhf Zhf boosted pY acceptance ratio Zhf, pY >600 GeV 15% Norm
RatioPTV_Zjets_boosted_Zmf Zmf boosted pY acceptance ratio Zmf, pY >600 GeV 15% Norm
Table 7: Z+jets normalisation nuisance parameters.
Syst Name Description Samples/Categories applied to Effect
Carl_Z_Sh2211toFxFx_staticHighDR_[Zbb,Zcc]_[075-150ptv, 150-250ptv] Zbb and Zcc Sherpa 2.2.11 vs. FxFx Zbb and Zcc, dR>1, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_staticLowDR_[Zbb,Zcc]_[075-150ptv, 150-250ptv] Zbb and Zcc Sherpa 2.2.11 vs. FxFx Zbb and Zcc, dR<1 , 0 and 2L Shape
Carl_Z_Sh2211toFxFx_staticHighDR_[Zmf,Z1]_[075-150ptv, 150-250ptv]_[2,3+]J Zmf and ZIf Sherpa 2.2.11 vs. FxFx Zmf and ZIf, dR>1, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_staticLowDR_[Zmf,ZI]_[075-150ptv, 150-250ptv] Zmf and ZIf Sherpa 2.2.11 vs. FxFx Zmf and ZIf, dR<1, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_Zbb_250-400ptv Zbb Sherpa 2.2.11 vs. FxFx Zbb, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_Zcc_250-400ptv Zcc Sherpa 2.2.11 vs. FxFx Zcc, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_Zmf_250-400ptv_[2,3+]J Zmf Sherpa 2.2.11 vs. FxFx Zmf, 0 and 2L Shape
Carl_Z_Sh2211toFxFx_Z1_250-400ptv_[2,3+] Z1 Sherpa 2.2.11 vs. FxFx 71,0 and 2L Shape
Carl_Z_Sh2211toFxFx_Z_400+ptv Z+jets Sherpa 2.2.11 vs. FxFx, Z1,0and 2L, p¥ >400 GeV Shape
Z_shape_Sh221_pTV_ZmfZhf_[075-150,150-250, 250-400]ptv Z+hf/mf Sherpa 2.2.11 vs. Sherpa 2.2.1 | Z+hf/mf, 0 and 2L Shape
Z_shape_Sh221_pTV_Z1_[075-150,150-250, 250-400]ptv Z+1 Sherpa 2.2.11 vs. Sherpa 2.2.1 Z+1,0 and 2L Shape
Z_shape_Sh221_pTV_Z_400+ptv Z+jets Sherpa 2.2.11 vs. Sherpa 2.2.1 Z+jets, 0 and 2L Shape
ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF2_075-150ptv_[Zhf,Zmf ZI] | Z+jets Sherpa 2.2.11 QCD variation Z+jets, 0 and 2L, resolved VH(bb/cc), 75-150 GeV | Shape
ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF2_150-400ptv_[Zhf,Zmf,ZI] | Z+jets Sherpa 2.2.11 QCD variation Zhf, 0 and 2L, resolved VH(bb/cc), 150-400 GeV Shape
ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF2_400+ptv_[Zhf,Zmf,ZI] Z+jets Sherpa 2.2.11 QCD variation Zhf, 0 and 2L, boosted VH(bb) Shape
MUR1_MUF1_PDF303200_MULTIASSEW_[Zhf, Zmf, ZI] Zhf Sherpa 2.2.11 ewk correction Zhf, 0 and 2L, 150 < pf <250 GeV Shape

Table 8: Z+jets shape nuisance parameters shapes.
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Modelling Nuisance Parameters

Syst Name Description Samples/Categories applied to Value Effect
norm_Whf_J[2,3+]_[075-150, 150-250, 250-400]ptv ‘Whf norm ‘Wh, 0 and 1L, VH(bb/cc) Floating | Norm
norm_Whfmf_[400-600, 600+] Whf+Wmf norm ‘Whf and Wmf, 0 and 1L, p¥ > 400 GeV, VH(bb) | Floating Norm
norm_Wmf_J[2,3+]_[075-150, 150-250, 250-400]ptv ‘Wmf norm Wmf, 0 and 1L, VH(bb/cc) Floating | Norm
norm_WIf_J[2,3+]_[150-250, 250-400]ptv WIf norm WIf, 0 and 1L, VH(bb/cc) Floating | Norm
WeeWbbRatio_[75-150,150-250,250-400]ptv Wee/Whb ratio Wee, resolved 4-25% Norm
‘WbcWclRatio_[75-400]ptv ‘Whbc/Wecl ratio ‘Whe, resolved 14-24% Norm
‘WbIWclRatio_[75-400]ptv Wbl/Wecl ratio ‘Whbl, resolved 29% Norm
WqtauWclRatio_[75-400]ptv Wctau+Whbtau/Wcl ratio Wectau + Whtau, resolved 20% Norm
‘WitauWIRatio_[75-400]ptv Wiltau+Wtautau/W1 ratio Wiltau + Wtautau, resolved 9% Norm
WeeWbbRatio_400+ptv Wee/Whbb ratio Wee, boosted 11% Norm
‘WclWbcRatio_400+ptv ‘Whbc/Whl ratio ‘Whbc, boosted 15% Norm
WblWbcRatio_400+ptv ‘Whbc/Whl ratio ‘Whl, boosted 9% Norm
WhfmfRatio_400+ptv ‘Whf/Wmf ratio ‘Wmf, boosted 5% Norm
‘Whf_extrap_from_CRLow_[75-150, 150-250, 250-400]ptv | Whf CRLow to SR ratio ‘Whf, 0 and IL, SR 20% Norm
Whf_extrap_to_CRHigh_[75-150, 150-400]ptv Whf CRLow+SR to CRHigh ratio | Wht, 0 and 1L, CRHigh 3-50% Norm
‘Wmf_extrap_from_CRHigh_[75-150, 150-400]ptv ‘Wmf SRCR ratio ‘Wmf, 0 and 1L, SR 2-16% Norm
WIf_extrap_to_CRHigh_75-400ptv WIf SRCR ratio WIf, 0 and 1L, CRHigh 5-17% Norm
WIfNorm_400+ptv ‘W1 norm ‘W1, 0 and 1L, boosted 38% Norm
RatioSRTopCR_Wjets_400+ptv Wiets SR to top CR extrap. Wijets, 0 and 1L, boosted Top CR 16%-27% | Norm
Whi_nLepAcc_[150-250,250-400]ptv_LO ‘Whf channel acceptance Wh, OL, resolved 13-30% Norm
‘Wmf_nLepAcc_[150-250,250-400]ptv_LO ‘Wmf channel acceptance ‘Wmf, OL, resolved 3-10% Norm
WI1_nLepAcc_[075-400]ptv_LO WIf channel acceptance WIf, OL, resolved 4% Norm
‘Whfmf nLepAcc_400+ptv_LO Whf+Wmf channel acceptance ‘Whf and Wmf, OL, boosted 20% Norm
WIf_nLepAcc_400+ptv_LO WIf channel acceptance WIf, OL, boosted 20% Norm
RatioPTV_Wmf_600+ptv Wmf boosted pY acceptance ratio | Wmf, py >600 GeV 3% Norm
RatioPTV_WIff_600+ptv WIf boosted py acceptance ratio WIL, pY >600 GeV 3% Norm
Table 9: W+jets normalisation nuisance parameters.
Syst Name Description ategories applied to Effect
Carl_W_Sh2211toFxFx_staticHighDR_[Wbb,Wcc]_[075-150, 150-250]ptv Wbb and Wce Sherpa 2.2.11 vs. FxFx | Wbb and Wee, dR>1, 0 and 1L, 75-150 and 150-250GeV Shape
Carl_W_Sh2211toFxFx_staticLowDR_[Wbb,Wcc]_[075-150, 150-250]ptv ‘Wbb and Wce Sherpa 2.2.11 vs. FxFx | Wbb and Wee, dR<1, 0 and 1L, 75-150 and 150-250GeV Shape
Carl_W_Sh2211toFxFx_staticHighDR_[Wmf,WIf]_[075-150, 150-250]ptv_[2,3+]J Wmf and WIf Sherpa 2.2.11 vs. FxFx | Wmf and WIf, dR>1, 0 and 1L, 75-150 and 150-250GeV Shape
Carl_W_Sh2211toFxFx_staticLowDR_[Wmf,WIf]_[075-150, 150-250]ptv_[2,3+]J Wmf and WIf Sherpa 2.2.11 vs. FxFx | Wmf and WIf, dR<1, 0 and 1L, 75-150 and 150-250GeV Shape
Carl_W_Sh2211toFxFx_[Wbb,Wcc]_[250-400]ptv Wbb and Wee Sherpa 2.2.11 vs. FxFx | Wbb and Wee, 0 and 1L, 250-400GeV Shape
Carl_W_Sh221 1toFxFx_[Wmf,WIf]_[250-400]ptv_[2,3+]J Wmf and WIf Sherpa 2.2.11 vs. FxFx | Wmf and W, 0 and 1L, 250-400GeV Shape
Carl_W_Sh2211toFxFx_W_400+ptv ‘Wijets Sherpa 2.2.11 vs. FxFx, Wijets, 0 and 1L ,p¥ >400 GeV Shape
W_shape_Sh221_pTV_Whf_[075-400]ptv ‘W-+hf Sherpa 2.2.11 vs. Sherpa 2.2.1 W+hf, 0 and 1L Shape
W_shape_Sh221_pTV_Wmf_[075-150,150-250, 250-400]ptv ‘W+mf Sherpa 2.2.11 vs. Sherpa 2.2.1 | W+mf, 0 and 1L Shape
W _shape_Sh221_pTV_WIf_[075-150,150-250, 250-400]ptv ‘W-+If Sherpa 2.2.11 vs. Sherpa 2.2.1 W+If, 0 and 1L Shape
W_shape_Sh221_pTV_W_400+ptv Z+jets Sherpa 2.2.11 vs. Sherpa 2.2.1 | W+jets, 0 and 1L Shape
ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF2_[75-150,150-400]ptv_[Whf,Wmf,WI] | W+jets Sherpa 2.2.11 QCD variation | Whf, 0 and 1L, resolved VH(bb/cc), 75-150 and 150-400 GeV | Shape
ME_ONLY_MUR2_MUF2_PDF303200_PSMUR2_PSMUF2_400+ptv_[Whf,Wmf,ZI] Wi+jets Sherpa 2.2.11 QCD variation | Wets, 0 and 1L, boosted VH(bb) Shape
MURI_MUF1_PDF303200_MULTIASSEW_[Whf, Wmf, W] W-ijets Sherpa 2.2.11 ewk correction | Wijets, 0 and 2L Shape

Table 10: W+jets shape nuisance parameters shapes.
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Syst Name Description ples/Categories applied to Value Effect
norm_Top_[2], 3+J]_[075-150, 150-250]ptv Top norm Top, 2L, Resolved VH(bb/cc) Floating | Norm
norm_|[Topbb, Topbqqq]_[2J, 3], 4J]_[075-150, 150-250, 250-400] | Top norm Topbb/bqqq, 0/1L, Resolved VH(bb/cc) (4J norm without 75-150ptv bin) | Floating | Norm
norm_Top_250-400ptv_2L Top norm Top, 2L, Resolved VH(bb/cc) Floating Norm
norm_Top_[400-600, 600+]ptv Top norm Top, 0/1L, Boosted VH(bb) Floating | Norm
TopNorm_400+ptv_2L Top norm Top, 2L, Boosted VH(bb) 20% Norm
Top_Extrapolation_From_Topemu_[bb,cc] Top emu extrap emuCRdata, 2L, VH(bb/cc) 0.8% Norm
Top_extrap_from_CRHigh_[075-150,150-400]ptv_Topbb Top CRHigh to SR extrap | Topbb, 1L VH(bb/cc) 2% - 8% | Norm
Top_extrap_to_CRHigh_[075-250, 250-400]ptv_Topbqqq Top SR to CRHigh extrap | Topbqqq, 0,1L VH(bb/cc) 4% - 10% | Norm
Top_extrap_to_CRLow_[075-150, 150-400]ptv_Topbb Top SR to CRLow extrap | Topbb, 1L VH(bb) 2.5% - 9% | Norm
Top_extrap_to_CRLow_Topbqqq Top SR to CRLow extrap | Topbqqq, IL VH(bb), 75-400 GeV 2.5% - 4% | Norm
RatioSRTopCR_400+ptv_DSRnoaddbjetsr_Top Top SR/topCR ratio Top, 0/1L, boosted VH(bb) 14-19% Norm
Top_nLepAcc_[150-250, 250-400]ptv_OL_[Topbb, Topbqqq] Top 1L to OL acceptance | Top, OL Resolved VH(bb/cc) 2% - 8% | Norm
Top_nLepAcc_400+ptv_OL Top 1L to OL acceptance | Top, OL Boosted VH(bb/cc) 6% - 17% | Norm
TopblbcRatio Topbl/bc ratio Topbl, 0,1L, Resolved VH(bb/cc) 5% Norm
TopggbcRatio Topqg/be ratio Topqgq, 0,1L, Resolved VH(bb/cc) 10% Norm
WitTtbarRatio_[075-400, 400+]ptv ‘Wrt/ttbar ratio single-top Wt, 0 and 1L resolved and boosted 12-48% Norm
Table 11: Top normalisation nuisance parameters.
Syst Name Description Samples/Categories applied to | Effect
Carl_PwPy8toPwHwg7_Top_[075-150, 150-250, 250-400, 400+]ptv ttbar/Wt PwPy8 vs PwHwg7 Top, 0,1L shape
Carl_PwPy8toaMCatNLOPy8_Top_[075-150, 150-250, 250-400, 400+]ptv | ttbar/Wt PwPy8 vs aMCatNLOPy8 | Top, 0,1L shape
ISR_Top_[075-400, 400+]ptv Top ISR shape Top, 0/1L Shape
FSR_Top_[075-400, 400+]ptv Top FSR shape Top, 0/1L Shape
WDR_[075-150, 150-400, 400+]ptv ‘Wt DS-DR shape single-top Wt, 0/1L Shape
Table 12: Top shape nuisance parameters shapes.
Syst Name Description Samples/Categories Value | Effect
stopsNorm single-top s-channel cross-section s-channel, 0,1,2L 4.6% | Norm
stoptNorm_075-400ptv single-top t-channel normalisation t-channel, 0,1L resolved 17% | Norm
stoptNorm_400+ptv single-top 7-channel normalisation t-channel, 0,1L boosted 10% Norm
stopt_extrap_to_CRs_075-150ptv single-top 7-channel SRCR ratio t-channel, 1L resolved, CRHigh and CRLow 3% Norm
stopt_extrap_to_CRLow_[075-150, 150-400]ptv single-top 7-channel SRCR ratio t-channel, 1L resolved, CRLow 6-17% | Norm
stopt_extrap_from_CRHigh_[075-150, 150-400]ptv | single-top #-channel SRCR ratio t-channel, 0,1L resolved, SR, topCR, CRLow 6% Norm
stopt_nJet_to_[2,4]J single-top 7-channel jet multiiplicity ratio t-channel, 0,1L resolved, 2- and 4-jet events 15% Norm
stopt_nLepAcc_075-400ptv single-top 7-channel lepton channel ratio t-channel, OL resolved 6% Norm
stopt_pTV_from_LowPTV_150-400ptv single-top 7-channel pTV bin ratio t-channel, 0,1,2L resolved 7% Norm
stopt_pTV_to_HighPTV_250-400ptv single-top #-channel pY bin ratio t-channel, 0,1L resolved 15% | Norm
ISR_stopT_075-400ptv single-top #-channel ISR shape uncertainties | ¢-channel, 0,1L resolved Shape
FSR_stopT_075-400ptv single-top #-channel FSR shape uncertainties | ¢-channel, 0,1L resolved Shape
Carl_PwPy8toPwHwg7_stopT_075-400ptv single-top 7-channel PS Carl uncertainty t-channel, 0,1L resolved Shape
Carl_PwPy8toaMCatNLOPy8_stopT_075-400ptv single-top 7-channel ME Carl uncertainty t-channel, 0,1L resolved Shape

Table 13: single-top s-channel and 7-channel nuisance parameters.
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Modelling Nuisance Parameters

Syst Name Description S les/Categories Value Derived in Effect
MINorm_EI_075-150ptv_BB-BC-CC M1 el norm MJel, 1 lep, BB-BC-CC-tag 75_150GeV, R BB-BC-CC-tag region | Norm
MIJNorm_El_075-150ptv_CN M1J el norm MJel, 1 lep, CN-tag 75_150GeV, 5% CN-tag region Norm
MINorm_Mu_075-150ptv_BB-BC-CC MJ el norm MIJ mu, 1 lep, BB-BC-CC-tag 75_150GeV, ;;gﬁ’,:" BB-BC-CC-tag region | Norm
MINorm_mu_075-150ptv_CN MJ mu norm MIJ mu, 1 lep, CN-tag 75_150GeV, 5% CN-tag region Norm
MINorm_EI_150-400ptv_BB-BC-CC MJ el norm Ml el, 1 lep, BB-BC-CC-tag 150-250GeV, ;gé;ﬂ; BB-BC-CC-tag region | Norm
MIJNorm_EI_150-400ptv_CN MIJ el norm Ml el, 1 lep, CN-tag 150-250GeV, 15%-25% CN-tag region Norm
MIJNorm_Mu_150-400ptv_BB-BC-CC MIJ el norm | MJ mu, 1 lep, BB-BC-CC-tag 150-250GeV, Sh00% BB-BC-CC-tag region | Norm
MINorm_mu_150-400ptv_CN MIJ mu norm MJ mu, 1 lep, CN-tag 150-250GeV, 40%-90% CN-tag region Norm
SysMJReduced_El_[075-150,150-400]ptv_[BB-BC-CC,CN] M1 shape Mlel, 1lep shape 1 lep Shape
SysMJReduced_Mu_[075-150,150-400]ptv_[2,3+]J_[BB-BC-CC,CN] M1 shape MJ mu, 1 lep shape 1 lep Shape
SysMISFsCR_EI_[075-150,150-400]ptv_[BB-BC-CC,CN] MIJ shape Mlel, 1lep shape 1 lep Shape
SysMIJSFsCR_Mu_[075-150,150-400]ptv_[BB-BC-CC,CN] M1 shape MIJ mu, 1 lep shape 1 lep Shape

Table 14: Multi-jet nuisance parameters.
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VH (- bb, c¢) Analysis Detail

VH and VZ Fit Pull Comparison

This section presents the pull and constraint of the NPs in VH (= bb, c¢) analysis. Two fit are
compared: The nominal VH 2POI fit (shown in blue), which use VH (- bb) and VH (- c¢¢)
signal strength as POI, and cross-check VZ 2POI fit (shown in green), which use VZ(— bb)
and VZ(— cc) signal strength as POI. Both fits are the unconditional fit to the Run-2 Data

combining the resolved and boosted regimes.
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VH and VZ Fit Pull Comparison
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Figure 52: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH (- bb, c¢) Analysis Detail
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Figure 53: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison
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Figure 54: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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Figure 55: MC modelling nuisance
paring VH (blue) or VZ (green) fit.
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Figure 56: MC modelling nuisance
paring VH (blue) or VZ (green) fit.

0.01%0.99

0.02%0.99
0.04%0.99

0.00%0.99

VH_02
Theorypor 19

Theorypor 20

Thearypor 21

Theorypor 22

Theorypor 24

Theorypor 25

Theorypor 26

Theorypor 27

Thearypor 28

Theorypor 29

Theoryps
ThearyQCDScaleDelta150_govH
TheoryQEDScaleData1s0 aavH
TheoryQCDscaleDela250 ooV
TheoryQEDscaleDela250_aavi

™ gV

TheoryQCDScaleDeltad00_qaVH

TheoryQCDScaleDeltas0_ggVH

i _qav

-1 0 1 2 Signif  Values
0.1 *
oog g E3
0.1 *
oog g E3

o 000
7 000
o -0.00%
7 000
o -0.00%
7 000+
o -0.00%
o 000
o 001
o 000
o 001
7 000+
-0.00%
0.00 %
-0.00%
0.00 %
0.09%
-0.00%
0.02%
0.04 %
0.01%
0.02%
0.00%
0.03%
.01+
0.02%
0.00%
-0.01%
.07+
-0.02%
0.00%
-0.00%
-0.00%
-0.01%

TheoryQCDScaleDeka7s_gavH

TheoryQCDScaleDeka7s_gavHt

TheoryacDscaleDela 1 ggVH

TheoryacDscaleDela 1 qavH

TheoryacoscaleDelta 2 ggVH

TheoryacoscaleDelta 2 qavH

TheoryacDsealeDeltay_ggVH

TheoryacDsealeDeltaY_qaVH

VH_PSNLO_gazH

VH_PSNLO_gazi

VHbb_BR

VHee BR

VHCR_extrap_goZH

VHCR_extrap_qoZH

VHNLOEWK

JET FlavComp_Higgs.

FJLCRJET J1S_FF_Allothers Higgs

FJ_CRET JMS_FF LargerSample.Higgs

F]_CRET JUS_FF_ MatsixElement Higgs

FJ.CRET JMS_FF_Partonshower.Higgs

F1_CRJET JMS_FF_Shape_Higgs

FJ_CRET JMS_FF Stat Higgs

F1.CRJET JMS_Rurk_Generator_Higgs.

FJ.CRET_JMS_Rirk_Generator_InterpalationDifference Higgs

315

F1.CRET JMS_Rurk_Tracking_Higgs.

FJ.CR JET_J1S Topology_QCD_Higgs.

FJ_FullMR_COMB_MCData JMR_Higgs

FJ_FUIIMR_COMB_MCLargeR JMR_Higgs

FJ_FUllMR_COMB_MCME JMR_Higgs

FJ_FUIMR_COMB_MCPS JMR_Higos

FJ_FullMR_COMB_MCRAD JMR_Higgs

FI_FUIMR_COMB_OutsideCalib JMR_Higos

S o Mo Wwo No Mo o S Ow DO OO OO OO U EN 0O NO oL OB OO0 L OO NO Mo 0O Lo HO bb Wo NO Wh Ol OO o0 Ob Ob oo 0o SO oo

b0 oo ob oo 0o 0o o bb bb bb oo bb 0o 0o bb 0o bd ob ob ob bo 0o bb bb bd b bb ob 0o 0o 0o bo ob ob bo bb ob bb b oo
S 55 N5 &S XS 89 5% 4¥ 5% S5 8% 85 85 ¥ 5N 5% B2 5S¢ 8% 8% 55 59 8% 5% 5% B2 5 5% K9 XS &% Y 5% 8%

HH i

|
N
o
-
~N

parameter pulls and the free parameter scale factors com-



VH (- bb, c¢) Analysis Detail

DataFit_unconditional_mul
Parameter ® VHit

vzit
#  Blinded NP o v
VH_03 -2 -1 0 1 2 Signif Values BTag_02 -1 0 1 2 3 Signif  Values
FJ_FulJMR_COMB_SHAPE_JMR_Higgs [ — c— 835 98188 FT_PFlow_C_13 =t 845 88288
FJ_FullMR_COMB_Smoothing_JMR_Higgs — 0:00 0.00£099 FT_PFlow_C_14 —— 000 0.00%0.99
2 1 0 1 2 FT_PFlow_C_15 —— 885 985838
6
- FT_PFlow_C_16 — 385 0208
BTag 01 3 -2 -1 1 2 3 Signif lues - L 230 088
FT PFlow 8.0 ——] 090 4 FT_PFlow_C_17 l
— 02 FT_PFlow_C_18 f——
FT_PFlow_B_1 —1— 920 _PFlow_C_: pr—
— e
FT_PFlow_B_2 — e FT_PFlow_C_19 ———
. —.—
FT_PFlow_B_3 T 339 FT_PFlow_Light 0 °
. —
FT PFlow B.4 —— 090 FT_PFlow_Light_1 $
. [— C—
FT_PFlow_B_5 = 139 FT_PFlow_tight 2
. FT_PFlow_Light_3 ——
FT_PFlow_B_6 —— 339 -l HoN
FT_PFlow_Light_4 s
FT_PFlow_B_7 T 989 -PFlow_Light ¢
FT_PFlow_Light_5 —— ]
FT_PFlow_B_8 === 929 —Priow_Hgnt_
FT_PFlow_Light_6 — —| kX 308
FT_PFlow_B_9 e — 88 ~riow-Hon ’ e
FT_PFlow_Light_7 — 2 3
FT_PFlow_B_10 — 83 TN g Zoam
FT_PFlow_Light 8 —e—— 8 308
FT_PFlow_B_11 —p— 839 T 0 tone
FT_PFlow_Light_9 —re KX =888
FT_PFlow_B_12 o e oy 2% 1 & Z 22
oo FT_PFlow_Light_10 —— EX: 88
————— E
FT_PFlow_B_13 -0.00 . —_— 0.8 7£0.94
[— oon FT_PFlow_Light_11 = el 212 B31E83
—_— - - .
FT_PFlow_B_14 —— 0.00 FT PFlow Light 12 — <080  -0.18%0.97
_PFlow_Light_: — 020 0.05%0.97
[— — 0.0 :
FT_PFlow _B_16 0:06 B 030 -0.11%0.93
[— — bon FT_PFlow_Light_13 pr=— 1] 020 007%092
— )
FT_PFlow_B_17 | e— m— 0.00 FT PFlow T 0 —_—— <050 -0.21%0.91
__PFlow_T_( s — 090 -037%001
FT_PFlow_B_18 — ] 885
= P —_—— 0.00
e — 020
o o FT_PFlow_T_1 —— 035 8882838
— — E
ow ,
, _B_. | — S— 0.0¢
| ’ FT_PFlow_T_2 — 01 88158
FT_PFlow_B_20
= g —————i 0.0¢
o FT_PFlow_T 4 —— 815 8815888
FT_PFlow_B_21 [ S— 0.00 T PFlow T 11 —" — glo gorzpss
_PFlow_T_ —— ER
FT_PFlow_B_22 —— 049
, _B_: D — m— 0.50 —— i 0.50 0.14£0.96
o FT_VR_B_0 o 010 002096
—_—
FT_PFlow_B_23 fl——) 050 FTVRB 1 —_——— % 8” g.ggx 8 gg
_VR_B_ e E R CH
FT_PFlow_B_24 o - 13
, _B_ B e . — 120 B — 0.40 0.05+0.99
FT_VR_B_2 T— 020 -0.03%099
FT,PFIOW,B,ZS  —— c— 0.00 0.00£0.99 e a— 020 0.02+0.99
FT_VR_B_3 T 000 0.00+0.99
FT_PFlow_B_26
- B —_—— 0.0c 0.00%0.99 —_— 0.00  -0.00+0.99
o FT_VR B_4 — 000 0.00+0.99
FT_PFlow_B_27
i I_B_. —_— 0.0 0.00£0.99 — a— 0.1a 0.010.99
0 zz FT_VR B_5 — 000 -0.00099
T —
FT_PFlow_B_28 —— =] 839 FTVRB 6 P — 930 9912093
VR B_ —— 036 §8iE8:
FT_PFlow_B_30
= X —_—— 0.0
’ 10 FT_VR_B_7 — 000 -0.00+0.99
—_——
FT_PFlow_B_31 —le—+ 139 FTVRB S8 —_— 910 0012099
_VR_B_ —— 04% 0.
FT_PFlow_B_32 _ 885
_PFlow_B — —
z Zo FT_VR_B_9 I 000 -0.00+0.99
FT_PFlow_B_39 . m— 080
i | B_: —_— 0.80 FT_VR_B_10 [ NS— 0.00  0.00£0.99
—_— 0.00 |
FT_PFlow_B_d1 — 89 FT_VR_B_11 - 035 888838
FT_PFlow_C_0 —— 8 Zlg FT_VR_B_12 —_— -0.00  -0.00%0.99
FT_PFlow_C_1 o 3
_PFlow_C_: I < FT_VR_B_13 S S 000 -000£0.99
FT_PFlow_C_2 —sS— 88
~_PFlow_C_ —s— 085 FT_VR_B_15 L L] 000 -0.00%0.99
—_—— 140 —_— 040 010%097
FT_PFlow_C_3 o . ey 139 FT_VR_C_0 e 055 §18%8:3%
—_— 0.00 — e 1.1 0.19%0.98
FT_PFlow_C_4 — 056 FT_VR C_1 - osc  §18%838
— 0.1 0,08+
FT_PFlow_C_5 —— 819 FT_VR_.C_2 —— 885 5855888
i P—— 0.9 i — =
FT_PFlow_C_6 —te—r St FT_VR_C_3 e 885 8855888
—_—— —— 0.00  -0.00%0.99
FT_PFlow_C_7 T FT_VR.C 4 — 00 3:60=0:99
_— K —— 001
FT_PFlow_C_8 —e— 959 FT_VR_C_5 = =—] 8065 8955888
S—— —_—— -0.00+
FT_PFlow_C_9 —r— 83 FT_VR_C_6 —— 885 8805888
— — 0.3 —_—— .00 +
FT_PFlow_C_10 —— 33 FT_VR_C_7 ——— 885 5885888
FT_PFlow_C_11 —— B39 FT_VR.C 8 S 000 o
FT_PFlow_C_12 — 83 FT_VR C 9 —— 885 8
3 —=2 -1 o0 1 2 3 3 =2 -1 o0 1 2 3

@

Figure 57: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison
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Figure 58: MC modelling nuisance
paring VH (blue) or VZ (green) fit.
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Figure 59: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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Figure 60: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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Figure 61: MC modelling nuisance
paring VH (blue) or VZ (green) fit.
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parameter pulls and the free parameter scale factors com-

GammasL2_05

Gamm_dttar dmvadiboson_ 150-250pt OSR 12 Tyt L2 bin 8
Gamm dttar dmyadboson_ 150-250pt OSR 12 Tyt 12 bin 9
Gamm,tar dmyadiboson_ 150-250pt OSR 3 Tt L2 bin 0
Gamm,dtar dmvadboson_ 150-250pts OSR 3 Tyt L2 bin 1

Gamm,ttarsmuadboson_ 150-2509t DA 3 Type 12 b 10

Gamm,ttardmuadboson 150-2509t DR 3 Typet L2 b 11

Gamm, dttar omuadboson 150-250pt DA 3 Typeb 12 b 12

Gamma, ttar dmvadboson 1502509t DSA 3 TTypeb L2 b 13

Gamma, ttar dmuadboson 150-250pt DA 3 Typeb L2 b 14
Gamm,dotbar dmvadboson_ 150-250pts OSR Tt L2 bin 2
Gamm dtar dmvadboson_ 150-250pts OSR J Thpeb L2 bin 3

Gamma dsttbar dmyadibesen 150.250p O5R J3 Typebb 12 bin 4
Gamma dsttbar dmvadibesen 150-250pt D5R J3 Typebb L2 bin 5
Gamma_dsttbar dmvadibesen 150.250pt O5R J3 Typebb L2 bin 6
Gamma_dstbar_dmvadibesen 150.250pt O5R J3 Typebb 12 bin 1
Gamma_dsttbar_dmvadibesen 150.250p_ 05R J3 Typebb 12 bin 5
Gamma_dsttbar_dmvadibesen 150.250p 05R J3 Typebb 12 bin 9
Gamma_dsttbar_dmyadibesen 150.250p OSR J4 Typebb 12 bn0
Gamma_dsitbar dmvadibesen 150.250p OSR J4 Typebb 12 bin 1
Gamma_dabar smvadibeson_ 150.2500ty D58 1 Typesb L2.bin_10
Gamma_dsbar smvadibeson_ 150.2500ty_DSR 1A Typesb (2. bin 11
Gamma_dabar Smvadibeson_ 1502500ty D58 1 Typesb L2.bin 12
Gamma_dbar smvadibeson 150-250py SR 1 Typesb L2.bin 13
Gamma_dabar smvadibeson 150-250p_DSR 1 Typesb_L2.bin 14
Gamma_dsitbar dmvadibesen 150.250pt DSR J4 Typebb 12 bn 2
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebb 12 bin 3
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebb 12 bin 4
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebb L2 bin 5
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebb L2 bin 6
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebb 12 bin 7
Gamma dsttbar dmvadibesen 150.250pt DSR J4 Typebb 12 bin &
Gamma dsitbar dmvadibesen 150.250pt DSR J4 Typebh 12 bn 9

amma_ctbar cmvadioson 250-400p_ D58 J2 Typets L2 bin 0

Gamma_dsitbardmvadibeson 250.400p_ DSR 12 Typebb L2.bin 1
Gamma_dsitbar_dmvadibeson 250.400p OSR 12 Typebb 12.bin 2
Gamma_dsitbardmvadibeson 250.400p OSR 12 Typebb 12.bin3
Gamma_dsitbardmvadibeson 250.400p_ DSR 12 Typebh2.bin 4
Gamma_dsitbardmvadibeson 250.400p_ DSR J2 Typebh 2.bin. 5
Gamma_dsitbardmvadibeson 250.400p_ DSR 12 Typebh 2.bin 6
Gamma_dsitbardmvadibeson 250.400p DSR 12 Typebb 2.bin 1
Gamma_dsitbardmvadibeson 250.400p_ DSR J3 Typebh12.bn.0
amma_dsitbar_dmvadibesan 250.400pt DSA J3 Typebb 12 bin_1
Gamma_dsitbardmvadibeson 250.400p. OSR J3 Typebh 2.bin 2
Gamma_dsitbardmvadibeson 250.400p. DSR J3 Typebh 12.bin 3
Gamma dsitbardmvadibeson 250.400p. DSR J3 Typebh,12.bin 4
amma_dsitbardmvadibeson 250.400p. DSR J3 Typebh 12.bin. 5
Gamma_dsitbardmvadibeson 250.400p. DSR J3 Typebh L2bin 6
Gamma_dsitbardmvadibeson 250.400p. DSR J3 Typebh 12.bin 7
Gamma_dsitbar.dmvadibeson 250.400p. DSR J4 Typebh 12.bn 0
Gamma_dsitbardmvadibesan 250.400pt DSK J4 Typebh 12 bin 1

amma_dtbar dmvadioson 250-400p 058 8 Typeths L2 bin 2
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VH and VZ Fit Pull Comparison

DataFit_unconditional_mul

Parameter ® VHAit
#  Blinded NP o vzt
G L2_06 os 0.9 1.0 1.1 1.2 Signif
qamma o dvadion, 250400505 4o 12503 uND
amma 4o dmvadan, 25400505 4o 1254 uND
amma 4 dvadan, 250400505 4o 125 3 uND
qamma 4o dvadsan, 254005005 4o 120 6 uND
amma 4 dmvadan, 250400505 4 Thpe 1203 uND
a6t GoT 7515055 OCRGh T 12,600 — 81
it g 75505 SRR T 253 —— 319
e, 90T 75 15058 OCRHGP 2 Tyt 12,0 2 — 835
s, s g 751500 DEANSR 3 Thpets 2 b 0 === 8%
e, 90T 75 1508 OCRHGP 3 Tyt 125 3 —— 839
G e T, 15150ps CCRH 3 o, 12,5 2 —— 0:39
‘gamma_ddttbar_dpTV_75-150ptv_DCRHgh J4_TTypebb_L2 bin 0 - 34
——] 330
a6t GoT 751505, OCRGH 4T 1250 1 - 837
G T, 15150p0s CCRH 4T, 2.5 2 —— 039
gams it CBTY_ 1502500ty DCAHIGH 2 Ty 2.6 0 —T 973
gams e BTV 150-250tyOCRHGN 2 Ty 2.6 1 o m—— — 939
camma_dbr 45T 1502500 OGP Tt 2.5 2 539
Samin i G150 25055 DX 2 Thpen 2. 3 T
Samin i G150 25050 DX 3 g 2.6 0 pr— — 95
Samin i G150 25050 DX 3 g 2. 1 s m— 882
camma_Gkbr 45T 1502500 OGP 3Tt 2.5 2 T —————+— B
Samin i G150 25050 DX 3 Thpen 2. 3 843
s g 350 o T 30 4T 135
Samin i G150 25055 DX 4 Tpen 2 i 1 .- i
a4 GpTV_150-25050 OCAHGJA_ Ty 2.2 e ———— 89
comma_dr. 45T 1502500 OCNGH 4Tt 2.5 3 87
comma_ddr 45T 2504005 OGP Tt 2.5 0 949
camma_ddr. 45T 2504005 OGP 2 Tt 2. 1 it
comma_ddr. 45T 2504005 ORGP 2 Tt 2.5 2 N
comma_ddr. 45T 2504005 DG 2 Tt 2.5 3 813
camma_ddr. 45T 2504005 DG 2 Tt 2. 4 it
camma Gt 45T 2504005 OCHNGH 2 Tt 2.5 5 it
i s o 250t DG 3. g 3. o e 039
camma_ddr. 45T 2504005 NG 3Tt 2. 1 N3
camma_ddbr 45T, 2504005 OCHNGH 3Tt 2.5 2 oNB
gamma dtor 51, 2504000 CNGR  Thety 2 b 2 83
camma_ddbr 45T, 2504005 OCNGH 3Tt 2. 4 85
comma Gt 45T, 2504005 OCHNGh 3Tt 2.5 5 N3
o ddtor 512504000 RGN 4 Tty 2 b 0 839
comma Gt 45T 504005 OCHNGH 4 Tt 2. 1 249
comma_dr. 45T 504005 OCHNGH 4 Tt 2. 2 889
Gamm,dttor_GBTV_250-405%% DCRHN J4 e 12 bin 3 B
gamma dtor 51, 2504005 RGN 4 Tt 2 b 4 835
o dtor 51, 2504005 OGN 4 Tt 2 b 5 818
Samm. 751505 152 Thet 12,500 - 539
samma G, 751505 OCHGh 2 Tt 1250 1 o 33
Samm. 751505 52 Thet 12,50 2 - 95
‘gamma_dmBB_75-150ptv_DCRHigh J2_TTypelt L2 bin 3 =2 4
3 050
‘gamma_dmBB_75-150ptv_DCRHigh J2 TTypelt L2 bin 4 — Dfe
- oy 0.50
samma 4751505 OCHNGH 2 Tl 1250 3 - 937
Samma 4751505 OCHHGH 2 T 125 6 b 833
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Figure 62: MC model

ling nuisance
paring VH (blue) or VZ (green) fit.
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GammasL2_07
gamma_dmB8._75-150ptv_DCRHigh J2_TTypett L2 bin_0
gamma_amBB_75-150ptv_DCRHIg J2_TTypett L2_bin_1
gamma_amBB_75-150ptv_DCRHIg J2_TTypett L2_bin_2
gamma_amBB_75-150ptv_ DCRHIgh J2_TTypett L2_bin_3
gamma_amBB_75-150ptv_ DCRHIgh J2_TTypett_L2_bin_4
gamma_amBB_75-150ptv_ DCRHIgh J2_TTypett L2_bin_5
gamma_amBB_75-150ptv_ DCRHIgh J2_TTypett_L2_bin_6
gamma_dmB8._75-150pt_DCRHigh J3_TTypelt L2 bin 0
gamma_dmB8._75-150ptv_DCRHigh J3_TTypelt L2 bin 1
gamma_dmB8._75-150pt_DCRHigh J3_TTypelt L2 bin 2
gamma_dmB8._75-150pt_DCRHigh J3.TTypelt L2 bin 3
gamma_dmB8._75-150pt_DCRHigh J3.TTypelt L2 bin 4
gamma_dmB8._75-150pt_DCRHigh J3_TTypelt L2 bin 5
gamma_mB8_75-150pt_DCRHigh J3_TTypelt_L2_bin_6
gamma_amBB_75-150ptv_ DCRHIgh J3_TTypett_L2_bin_0
gamma_omBB_75-150ptv_DCRHIg J3_TTypett_L2_bin_1
gamma_omBB_75-150ptv_DCRHIg J3_TTypett L2_bin_2
gamma_amBB_75-150ptv_DCRHIgh J3_TTypett_L2_bin_3
gamma_amBB_75-150ptv_DCRHIgh J3_TTypett_L2_bin_4
gamma_amBB_75-150ptv_DCRHIgh J3_TTypett_L2_bin_5
gamma_amBB_75-150ptv_DCRHIgh J3_TTypett_L2_bin_6

gamma_amBB_150-250ptv_DCRHigh J2_TTypelt L2 bin 0
gamma_dmBB_150-250ptv_DCRHigh J2_TTypelt L2 bin_1
gamma_amBB_150-250pty_DCRHigh J2_TTypelt L2_bin 2
gamma_amBB_150-250pty_DCRHigh J2_TTypelt L2 bin 3
gamma_amBB_150-250ptv_DCRHigh J2_TTypelt L2 bin 4
gamma_amBB_150-250pty_DCRHigh J2_TTypelt L2 bin 5
gamma_amBB_150-250ptv_DCRHigh J2_TTypelt L2 bin_6
gamima_dmBB._ 150-250ptv_DCRHigh J2_TTypett L2.bin_0
gamima_dmBB._150-250ptv_DCRHigh J2_TTypett L2.bin 1
gamma_dmBB._150-250ptv_DCRHigh J2_TTypett L2.bin 2
gamima_dmBB_150-250ptv_DCRHigh J2_TTypett L2_bin_3
gamima_amBB_150-250ptv_DCRHigh J2_TTypett L2_bin_4
gamima_dmaB_150-250ptv_DCRHigh J2_TTypett L2_bin_5
gamima_dmaB._150-250ptv_DCRHigh J2_TTypett L2_bin_s
gamma_dmBB_150-250ptv_DCRHigh J3_TTypelt_L2_bin_0
gamma_dmBB_150-250ptv_DCRHigh J3_TTypelt_L2_bin_1
gamma_amBB_150-250pty_DCRHigh J3_TTypelt_L2_bin_2
gamma_amBB_150-250ptv_DCRHigh J3_TTypelt L2 bin_3
gamma_GmBB_150-250ptv_DCRHigh J3_TTypelt L2 bin 4
gamma_dmBB_150-250ptv_DCRHigh J3_TTypelt L2 bin 5
gamma_dmBB_150-250ptv_DCRHigh J3_TTypelt L2 bin_6
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_0
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_1
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_2
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_3
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_4
'gamma_dmBB_150-250ptv_DCRHigh_J3_TTypett_L2_bin_5
gamma_dmB8_150-250pty_DCRHigh J3_TTypett L2_bin_6

gamma_dmeB_250+pty_DCRHigh J2_Typelt L2_bin_0

gamma_dmBB_250+ptv_DCRHigh J2_TTypelt_L2_bin_1
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VH (- bb, c¢) Analysis Detail

DatafFit_uncondi
Parameter ® VHit

onal_mul

#  Blinded NP o vzt
G L2_08 os 0.9 1.0 1.1 1.2 Signif
gamma_dmBB_250+ptv_DCRHIgh J2_TTypelt_L2_bin_2 o T
gamma_dmBB_250+pty_DCRHIgh J2_TTypelt L2 bin_3 - iy
gamma_GmBB_250+pty_DCRHigh J2_TTypelt_L2_bin_ 4 — 1
gamma_dmBB_250+pty_DCRHIgh J2_TTypelt L2 bin_5 — 389
gamma_mBB_250+pty_DCRHIgh J2_TTypelt_L2_bin 6 — 34
gamma_dmBB_250+ptv_DCRHig J2_TTypelt L2_bin_7 s 8:39
gamma_dmBB_250+ptv_DCRHigh J2_TTypelt_L2_bin_8 3= 889
gamma_ dmBB_250+ptv_DCRHiGh J2_TTypett_L2_bin_0 —— 839
gamma_dmBB_250+ptv_DCRHigh J2_TTypett L2_bin_1 .t 039
gamma_dmBB_250+ptv_DCRHigh J2_TTypett L2_bin_2 — 13
gamma_dmBB_250+ptv_DCRHigh J2_TTypett L2_bin_3 — 08
gamma_dmBB_250+ptv_DCRHiG J2_TTypett_L2_bin_4 — 839
gamma_dm8B_250+ptv_DCRHigh J2_TTypett_L2_bin 5 == 889
gamma_dmBB_250+ptv_DCRHigh J3_TTypelt_L2_bin_0 - o 3%
gamma_dmBB_250+ptv_DCRHigh J3_TTypelt_L2_bin_1 =3 889
gamma_dmBB_250+ptv_DCRHigh J3_TTypelt_L2_bin_2 = 38
gamma_dmBB_250+ptv_DCRHigh J3_TTypelt_L2_bin_3 = 875
gamma_dmBB_250+ptv_DCRHigh J3_TTypelt_L2_bin_4 I= 183
gamma_dmBB_250+pty_DCRHigh J3_TTypelt_L2_bin_5 - %5
gamma_dmBB_250-+ptv_DCRHigh J3_TTypelt_L2_bin_6 b4 5%
‘gamma_dmBB_250+ptv_DCRHigh_J3_TTypett_L2_bin_0 = 039
gamma_dmBB_250+ptv_DCRHigh J3_TTypett_L2_bin_1 == 0.8
gamma_dmBB_250+ptv_DCRHigh J3_TTypett_L2_bin_2 o et 039
gamma_dmBB_250.+ptv_DCRHigh J3_TTypett_L2_bin_3 - 28
gamma_dmBB_250+ptv_DCRHigh J3_TTypett_L2_bin_4 o 839
‘gamma_dmBB_250+ptv_DCRHigh J3_TTypett_L2_bin 5 - o 389
gamma_dmva_75-150ptv_DSR_J2_TTypebb_L2_bin_0 + 0.50
gamma_dmva_75-150ptv_DSRJ2_Typebb_L2_bin_1 * 6o
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_10 -+ 000
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_11 - 090
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_12 e 030
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_13 - 0o
gamma_dmva_75-150pty_DSR J2_TTypebb_L2_bin_14 - 1o
gamma_dmva_75-150ptv_DSR J2_Tlypebb_L2_bin_2 * 039
gamma_dmva_75-150ptv_DSR J2_Tlypebb_L2_bin_3 * oo
gamma_dmva_75-150ptv_DSR J2_Tlypebb_L2_bin_4 * 0.60
gamma_dmva_75-150ptv_DSR J2_Tlypebb_L2_bin_5 * 089
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_6 * 0.00
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_7 * 1o
gamma_dmva_75-150ptv_DSR J2_Tlypebb_L2_bin_8 - 139
gamma_dmva_75-150ptv_DSR J2_TTypebb_L2_bin_9 +* 059
gamma_dmva_75-150ptv_DSR J2_TTypent_T1_L2_bin_0 * 010
gamma_dmva_75-150ptv_DSR J2_TTypent T1_L2_bin_1 [} e
gamma_dmva_75-150pty_DSR_J2_TTypent_T1_L2_bin_10 + 020
gamma_dmva_75-150ptv_DSR_J2_TTypent_T1_L2_¢ - 060
gamma_dmva_75-150pty_DSR J2_TTypent_T1_L2_t - e
gamma_dmva_75-150ptv_DSR_J2_TTypent_T1_L2_¢ -+ 1o
gamma_dmva_75-150pty_DSR J2_TTypent_T1_L2_t - e
gamma_dmva_75-150pty_DSR J2_TTypent_T1_L2_bin_2 4 130
‘gamma_dmva_75-150pty_DSR J2_TTypent_T1_L2_bin_3 ? 050
gamma_dmva_75-150ptv_DSR J2_TTypent T1 L2 bin_4 . 020
0.8 0.9 1.0 11 12
14

Figure 63: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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0
0
0
0
9
9
0
0
0
0
1
1
0
0
9
9
0
0
0
0
0
0
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0
9
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1
1
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1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.02

1.00£0.02

1.00£0.00

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.00

1.00£0.00

1.00£0.01

1.00£0.01

1.00£0.01

1.00£0.01

0.99%0.02

1.00+0.00

1.00£0.00

1.00£0.00

GammasL2_09
gamma_dmva_75-150ptv_DSR_J2_TTypent_T1_L2_bin_5
gamma_dmva_75-150ptv_DSR_J2_TTypent_T1_L2_bin_6
gamma_dmva_75-150ptv_DSR_J2_TTypent_T1_L2_bin_7
gamma_dmva_75-150ptv_DSR J2_TTypent T1_L2 bin_8
gamma_dmva_75-150ptv_DSR J2_TTypent T1_L2_bin_9

'gamma_dmva_75-150ptv_DSR J2_TTypext_L2_bin_ 0
‘gamma_dmva_75-150ptv_DSR J2_TTypext L2 _bin_1
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2_bin_10
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2 bin_11
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2 bin_12
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2 bin_13
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2 _bin_14
‘gamma_dmva_75-150ptv_DSR J2_TTypext_L2_bin 2
gamma_amva_75-150ptv_DSR J2_TTypext L2.bin 3
gamma_dmva_75-150pty_DSR J2_TTypext L2.bin_4
gamma_dmva_75-150pty_DSR J2_TTypext L2_bin_5
gamma_amva_75-150pty_DSR J2_TTypext L2.bin_s
gamma_amva_75-150pty_DSR J2_TTypext L2 bin_7
gamma_dmva_75-150ptv_DSR J2_TTypext L2.bin 8
gamma_dmva_75-150pty_DSR J2_TTypext L2_bin.9
'gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_0
'gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_1
gamma_dmva_75-150ptv_DSR_J3_TTypebb_L2_bin_10
gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_11
gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_12
gamma_dmva_75-150ptv_DSR_J3_TTypebb_L2_bin_13
gamma_dmva_75-150ptv_DSR_J3_TTypebb_L2_bin_14.
'gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_2
'gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2_bin_3
gamma_dmva_75-150ptv_DSR _J3_TTypebb_L2 _bin_4
gamima_dmva_75-150ptv_DSR J3_TIypebb L2_bin_5
gamima_dmva_75-150ptv_DSR J3_TIypebb L2_bin_6
gamima_dmva_75-150ptv_DSR J3_TIypebb_L2_bin_7
gamima_dmva_75-150ptv_DSR J3_TTypebb_L2_bin 8
gamima_dmva_75-150ptv_DSR J3_TIypebb_L2_bin_9
gamma_dmya_75-150ptv_DSR J3_TTypent T1_L2_bin_0
gamma_dmva_75-150ptv_DSR J3_TIypent T1_L2_bin_1
qamma_dmva_75-150pty_DSR J3_TTypent_T1_L2_bin_10
qamima_dmva_75-150pty_DSRJ3_TypentT1_L2_bin_11
qamma_dmva_75-150pty_DSRJ3_Typent.T1_L2_bin_12
qamma_dmva_75-150pty_DSR J3_TTypent.T1_L2_bin 13
qamma_dmva_75-150pty_DSRJ3_TTypent_T1_L2_bin 14
gamma_dmya_75-150ptv_DSR J3_TTypent T1_L2_bin 2
gamma_dmya_75-150ptv_DSR J3_TTypent T1_L2_bin_3
gamma_dmya_75-150ptv_DSR J3_TIypent T1_L2_bin_4
gamma_dmya_75-150ptv_DSR J3_TIypent T1_L2.bin_5
gamma_dmva_75-150ptv_DSR J3_TIypent T1_L2_bin 6
gamma_dmya_75-150ptv_DSR J3_TIypent T1_L2_bin_7
gamma_dmva_75-150ptv_DSR J3_TTypent T1_L2.bin_8
gamma_dmva_75-150pt_DSR J3_Tiypent T1_L2._bin_9

gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_0
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1.00+0.01

1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.03
1.01%0.03
1.01£0.03
0.99%0.05
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.01£0.02
1.00£0.02
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.02
1.01£0.02
1.00£0.03
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
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1.00£0.02
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0.99%0.01
1.00£0.01
1.00£0.01

1.00£0.01



VH and VZ Fit Pull Comparison

DataFit_unconditional_mul
—e—  Parameter ® VHAit
#  Blinded NP o vt
G L2_10 os 0.9 1.0 1.1 1.2 Signif
gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_1 -+ 0o
gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_10 -+ 0:69
gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_11 - Lo
gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_12 - 050
gamma_dmva_75-150ptv_DSR J3_TTypext_L2_bin_13 -1 0:99
gamma_dmva_75-150ptv_DSR _J3_TTypext_L2_bin_14 — oo
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 2 < 00
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 3 ™ 100
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin_4 hg 060
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 5 e 020
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 6 + 080
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 7 <+ 030
gamma_dmva_75-150ptv_DSR J3_TTypext L2_bin 8 <+ 0.00
gamma_dmva_75-150ptv_DSR J3 TTypext L2_bin 9 -+ 070
gamma_dmva_75-150ptv_DSR J4_ Tlypebb L2 bin 0 -+ 010
gamma_dmva_75-150ptv_DSR J4_ Tiypebb_L2_bin 1 * 030
gamma_dmva_75-150ptv_DSR J4 TTypebb_L2_bin_10 <+ 060
gamma_dmva_75-150ptv_DSR_J4_TTypebb_L2_bin 11 T 00
gamma_dmva_75-150ptv_DSR_J4_TTypebb_L2_bin 12 -+ 030
gamma_dmva_75-150ptv_DSR Ja_TTypebb_L2_bin_13 - oo
gamma_dmva_75-150ptv_DSR J4_TTypebb_L2_bin 14 - 080
gamma_dmva_75-150ptv_DSR J4_TTypebb,_L2_bin 2 * 060
gamma_dmva_75-150ptv_DSR J4_TTypebb_L2_bin 3 * 030
gamma_dmva_75-150ptv_DSR J4_TTypebb_L2_bin 4 * 120
gamma_dmva_75-150ptv_DSR J4_TTypebb,_L2_bin 5 h d 020
gamma_dmva_75-150ptv_DSR J4_Tlypebb L2 bin 6 + 130
gamma_dmva_75-150ptv_DSR J4_TTypebb_L2_bin 7 he .00
gamma_dmva_75-150ptv_DSR J4_Tlypebb_L2_bin_8 -+ 080
gamma_dmva_75-150ptv_DSR J4_Tlypebb_L2_bin_9 ha 010
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 0 T 000
gamma_dmva_150-250ptv_DSR J2_Tlypebb_L2_bin 1 + 050
gamma_dmva_150-250ptv_DSR J2_TTypebb_L2_bin 10 - woe
gamma_dmva_150-250ptv_DSR J2 TTypeb_L2.t e o 020
gamma_dmva_150-250ptv_DSR J2 TTypeb_L2.t —a Ao
gamma_dmva_150-250ptv_DSR J2 TTypebb_L2_t o 12
gamma_dmva_150-250ptv_DSR J2 TTypebb_L2_t o 060
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 2 h g 010
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 3 T 100
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 4 T+ 020
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin_ 5 - oo
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin_ 6 -+ e
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 7 -+ oo
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 8 - 1o
gamma_dmva_150-250ptv_DSR J2_Tiypebb_L2_bin 9 - 1o
gamma_dmva_150-250ptv_DSR J2_TTypent T1_L2_bin 0 4 ore
gamma_dmva_150-250ptv_DSR J2_TTypent T1_L2_bin_1 T 030
gamma_dmva_150-250ptv_DSR_J2_TTypent_T1_L2 T 1o
gamma_dmva_150-250ptv_DSR_J2_TTypent T1_L2 - Lo
gamma_dmva_150-250ptv_DSR_J2_TTypent T1_L2_t - 059
gamma_dmva_150-250ptv_DSR_J2_TTypent T1_L2_t - 069
gamma_dmva_150-250ptv_DSR J2_TTypent T1 L2 t — 030
0.8 0.9 1.0 11 1.2
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Figure 64: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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1.00%0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.02
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.02
1.00£0.02
1.00£0.02
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
0.99+0.03
1.00£0.03
0.99+0.03
1.01£0.04
1.00£0.04
1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.02
1.00£0.02
1.00£0.02
1.01£0.02
1.00£0.01
1.00£0.01
1.01£0.02
0.99%0.02
1.00£0.03
1.01£0.03

1.00£0.04

GammasL2_11
gamma_dmva_150-250ptv_DSR_J2_TTypent_T1_L2_bin_2
gamma_dmva_150-250ptv_DSR J2_TTypent_T1_L2_bin_3
gamma_dmva_150-250ptv_DSR_J2_TTypent_T1_L2_bin_4
gamma_dmva_150-250ptv_DSR_J2_TTypent_T1_L2_bin_5
‘gamma_dmva_150-250ptv_DSR J2_TTypent_T1_L2_bin_6
‘gamma_dmva_150-250ptv_DSR J2_TTypent T1 L2 bin_7
‘gamma_dmva_150-250ptv_DSR J2_TTypent_T1_L2_bin_8
‘gamma_dmva_150-250ptv_DSR J2_TTypent_T1_L2_bin_9

‘gamma_dmva_150-250ptv_DSR J2_TTypext_L2_bin_0
‘gamma_dmva_150-250ptv_DSR J2_TTypext_L2_bin_1
‘gamma_dmva_150-250ptv_DSR J2_TTypext_L2_bin 2
‘gamma_dmva_150-250ptv_DSR J2_TTypext_L2_bin_3
‘gamma_dmva_150-250ptv_DSR J2_TTypext L2 bin_4
garmima_dmva_150-250pt_DSR J2_TTypext L2_bin.5
gamima_dmva_150-250pt_DSR J2_TTypext L2_bin_6
gamima_dmva_150-250ptv_DSR J2_TTypext L2_bin_7
gamima_dmva_150-250pt_DSR J2_TTypext L2_bin_8
gamima_dmva_150-250pt_DSR J2_TTypext L2_bin.9
gamma_dmva_150-250pty_DSR_J3_TTypebb_L2_bin_0
gamma_dmva_150-250pty_DSR_J3_TTypebb_L2_bin_1
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L2_bin_10
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L2_bin_11
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L2_bin_12
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L2_bin_13
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L2_bin_14
gamma_dmva_150-250ptv_DSR J3_TTypebio_L2_bin 2
gamma_dmya_150-250ptv_DSR J3_TTypebb_L2 bin 3
gamma_dmya_150-250ptv_DSR J3_TTypebb_L2_bin 4
gamma_dmya_150-250ptv_DSR J3_TTypebb_L2 bin 5
gamma_dmya_150-250ptv_DSR J3_TTypebb_L2_bin_6
gamma_dmya_150-250ptv_DSR J3_TTypebo_L2_bin_7
gamma_dmya_150-250ptv_DSR_J3_TTypebb_L2_bin 8
gamma_dmya_150-250ptv_DSR J3_TTypebb_L2 bin 9
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin_0
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin_1
gamima_dmva_150-250ptv_DSR J3_TTypent T1_L2_bin_10
gamima_dmva_150-250ptv_DSR J3_TTypent T1_L2_bin_11
gamima_dmva_150-250ptv_DSR J3_TTypent T1_L2_bin_12
gamima_dmva_150-250ptv_DSR J3_TTypent_T1_L2_bin_13
gamima_dmva_150-250pt_DSR J3_TTypent_T1_L2_bin_14
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin 2
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin_3
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin 4
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin_5
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin 6
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin_7
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin 8
qamma_dmva_150-250ptv_DSR J3_TIypent T1_L2_bin 9
gamima,_dmva_150-250ptv_DSR J3_TTypext L2_bin 0
gamma_dmva_150-250ptv_DSR_J3_TTypext L2_bin_1

gamma_dmva_150-250pty_DSR J3_TTypext_L2_bin 2
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1.00£0.01
1.00£0.01
1.00£0.01
1.00£0.01
0.99%0.01
1.00£0.02
1.00£0.02
1.00£0.02
1.00£0.02
0.99%0.02
1.00£0.02
0.99%0.02
1.00£0.03
0.99+0.03
1.00£0.04
1.00£0.04
1.01£0.06
1.00£0.01
1.00£0.01
1.01£0.03
1.00£0.04
1.00£0.04
1.00£0.04
1.01£0.06
1.00£0.01
1.00£0.01
1.00£0.02
1.00£0.02
1.00£0.02
0.99%0.02
1.01£0.03
1.00£0.03
1.00£0.01
1.00£0.01
1.01£0.02
0.99+0.02
1.01£0.03
1.00£0.03
1.01£0.04
1.00£0.01
1.00£0.01
1.00£0.01
0.99+0.01
1.00£0.01
1.01£0.02
0.99%0.02
0.99%0.02
1.00£0.01
1.00£0.01

1.00£0.01



VH (- bb, c¢) Analysis Detail

DataFit_unconditional_mul
Parameter ° VH-f.\t
#  Blinded NP o vzt
G L2_12 os 0.9 1.0 1.1 1.2 Signif
gamma_dmva_150-250ptv_DSR J3 Tiypext_L2_bin 3 - 110
gamma_dmva,_150-250ptv_DSR J3_TTypext_L2_bin 4 - 0.10
gamma_dmva_150-250ptv_DSR J3_TTypext_L2_bin 5 —— 0.20
gamma_dmva_150-250ptv_DSR J3 Typext L2_bin 6 —— 070
gamma_dmva_150-250ptv_DSR J3_TTypext_L2_bin 7 —— 0.60
gamma_dmva_150-250ptv_DSR J3_TTypext_L2_bin 8 — 0.00
qamma_dma_150-250ptv_DSR J3_Typext L2_bin 9 —_— 1.00
‘gamma_dmva,_150-250pty_DSR J4_TTypebb_ L2_bin_0 * -0.10
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin_1 -* 0.80
gamma_dmva_150-250ptv_DSR Jd4_TTypebb_L2_bin_10 —— 0.80
gamma_dmva_150-250ptv_DSR J4_TTypebb_L2_bin_11 — 0.50
gamma_dmva_150-250ptv_DSR J4_TTypebb_L2_bin_12 — 0.20
gamma_dmva_150-250ptv_DSR Jd_TTypebb_L2_bin_13 — 0.40
gamma_dmva_150-250ptv_DSR J4_TTypebb_L2_bin_14 e 0.30
gamma_dmva_150-250ptv_DSR Jd_TTypebb_L2_bin 2 - 0.20
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin_3 - 0.60
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin_4 - 0.50
gamma_dmva,_150-250pty_DSR_J4_Typebb_L2 bin 5 - 030
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin_6 —— 0.20
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin_7 —— 0.20
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin 8 —— 0.60
gamma_dmva,_150-250ptv_DSR Jd_TTypebb_L2_bin 9 —— 0.20
gamma_dmva_250-400pty_DSR J2_TTypebb_L2 bin 0 - 0.00
gamma_dmva, 250-400ptv_DSR J2_TTypebb_L2_bin_1 - 1.80
‘gamma_dmva,_250-400ptv_DSR J2_TTypebb_L2_bin 2 —— 0.80
‘gamma_dmva,_250-400ptv_DSR J2_TTypebb_L2_bin_3 — 0.60
gamma_dmva_250-400ptv_DSR J2_TTypebb,_L2_bin_4 e 0.50
‘gamma_dmva,_250-400pty_DSR J2_TTypebb_L2_bin_5 —_— 0.80
qamma_dma_250.400pty_DSR J2_TTypeb,L2_bin_6 —_— 030
qamma_dma_250-400pty_DSR J2_TTypeb,L2_bin_7 ——— 030
gamma_dmva,_250-400pty_DSR J3_TTypebb_L2_bin_0 - 0.40
gamma_dmva,_250-400pty_DSR J3_TTypebb_L2_bin_1 —— 0.40
gamma_dmva,_250-400pty_DSR J3_TTypebb_L2_bin 2 —— 070
gamma_dmva_250-400ptv_DSR J3 Tiypebb,_ L2 bin_3 — 0.40
‘gamma_dmva, 250-400pty_DSR J3_TTypebb_L2_bin_ —_— 0.40
gamma_dmva_250-400ptv_DSR J3_Typebb,_ L2 bin_5 —_— 0.40
qamma_dma_250.400pty_DSR J3_TTypeb, L2 bin_6 —_— 080
qamma_dma_250.400pty_DSR J3_TTypeb, L2 bin_7 . — 0.40
gamma_dmva_250-400ptv_DSR J4 TTypebb_L2 bin 0 - 020
gamma_dmva,_ 250-400pty_DSR J4_TTypebb_L2_bin 1 - 170
‘gamma_dmva_250-400ptv_DSR J4_TTypebb_L2 bin 2 - 0.50
‘gamma_dmva, 250-400pty_DSR J4_Tlypebb 12 bin 3 —— 0.40
qamma_dma_250.400pty_DSR J4_TTypeb,L2_bin_4 —- 180
qamma_dma_250.400pty_DSR J4_TTypeb, L2 bin3 — 2.00
qamma_dmua_250.400ptu_DSR J4_TTypeb L2 bin6 — 120
gamma_dmva,_250-400pty_DSR J4_Tlypebb_ 12_bin 7 — 020
gamma_dmva_BMx600_BMind00_DSR_JO_TTypebb_L2_bin 0 - 0.60
gamma_dmva_BMax600_BMInd00_DSR Jo_Tlypebb_ L2 bin 1 - 070
gamma_dmva_BMax600_BMInd00_DSR J0_Tlypebb L2 bin 2 - 140
gamma_dmva_BMax600_BMind00_DSR J0_TTypebb L2_bin 3 - 130
gamma,_dmva_BMax600_BMind00_DSR_JO_TTypebb_L2_bin_4 —— 1.00
0.8 0.9 1.0 11 1.2
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Figure 65: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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GammasL2_13

gamma_dmva_BMax500_BMind00_DSR J0_TTypebb L2_bin 5
‘gamma_dmva_BMax500_8Mind00_DSRJ0_TTypebl L2_bin 6
‘gamma_dmva_BMax500_8Mind00_DSRJ0_TTypebl L2_bin_ 7

gamma_dmva_250+ pty_DSR J2_TTypent_T1_L2_bin_0
gamma_dmva_250+ ptv_DSR_J2_Tiypent T1_L2_bin 1
gamma_dmva_250+ptv_DSR_J2_TTypent T1 L2_bin 2
gamma_dmva_250+ pty_DSR_J2_TTypent_T1_L2_bin_3
gamma_dmva_250+ pty_DSR_J2_TTypent_T1_L2.bin_4
gamma_dmva 250+ pty_DSR_J2_TTypent T1_L2_bin 5
gamma_dmva_250+pty_DSR_J2_TTypent T1_L2_bin_6
gamma_dmva_250+pty_DSR_J2_TTypent T1_L2_bin_7
gamma_dmva_250+pty_DSR_J2_TTypent T1 L2 bin 8
‘gamma,_dmya_250-+pty_DSR_J2_TTypext_L2_bin_0
‘gamma_dmya_250-+pty_DSR_J2_Typext_L2_bin_1
‘gamma_dmva 250+pty DSR J2 Typext L2_bin 2

‘gamma,_ dmva_250-+pty_DSR_J2_Typext L2_bin 3

‘gamma_ dmya_250-+pty_DSR_J2_Typext L2_bin 4
gamma_dmva_250+ptv_ DS J3 TTypent T L2_bin 0
gamma_dmva 250+ ptv_DSR_J3_Tiypent T1.L2.bin 1
gamma_dmva 250+ ptv_DSR_J3_Tiypent TL L2 bin 2
gamma_dmva_250+ptv_DSR J3 TTypent T L2 bin 3
gamma_dmva_250+ ptv_DSR_J3_Tiypent TL.L2.bin 4
gamma_dmva 250+ pty_DSR J3_ TTypent T L2.bin 5
gamma_dmva_250+pty_ DS J3_TTypent T1 L2 bin 6
gamma_dmva 250+ pty_DSR_J3_TTypent T1_L2.bin_7
gamma_dmva 250+ pty_DSR_J3_TTypent T1_L2.bin &
‘gamma_dmva_250-+pty_DSR J3 Typext L2 bin 0
‘gamma,_dmya_250-1pty_DSR_J3_TTypext_L2_bin_1

‘gamma,_ dmya_250-+pty_DSR J3_Typext_L2_bin 2
‘gamma_dmva_250-+pty_DSR J3 Typext L2 bin 3

‘gamma,_ dmua_250-+pty_DSR_J3_Typext_L2_bin_4
gamma,_dmva_ BMInG00_DSR_JO_TTypebb_L2._bin_0
‘gamma_dmva_BMIG00_DSR J0_TTypebb_ L2 bin 1
‘gamma_dmva BMIG00_DSR J0_TTypebb_ L2 bin 2
‘gamma_dmvadiboson 75-150pty_ DSR J2_TTypebb L2 bin 0
gamma_amvadiboson_75-150pty_ DSR J2 TTypebb L2 bin 1
gamma_dmvadiboson 75150ty DSR J2 Tlypebb 12 bin 10
‘gamma_dmvadiboson 75150ty DSR J2 Tlypebb L2 bin 11
‘gamma_dmvadiboson 75-150ptv_DSR 2 TTypebb L2 bin 12
‘gamma_dmvadiboson 75150ty DSR J2 TIypebb 12 bin 13
gamma_dmvadiboson 75150ty DSR J2 Tlypebb 12 bin 14
‘gamma_amvadiboson_75-150pty_ DSR J2_TTypebb_L2 bin 2
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb L2 bin 3
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb L2 bin 4
‘gamma_amvadiboson_75-150ty_DSR J2_TTypebb L2 bin 5
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb L2 bin &
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb_L2 bin 7
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb L2 bin 8
‘gamma_amvadiboson_75-150pty_DSR J2_TTypebb L2 bin 9
‘gamma_amvadiboson_75-150pty_ DSR J2_Tlypent T1_L2_bin_0

‘gamma_amvadiboson_75-150pty_ DS J2_Tlypent T1_L2_bin 1
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VH and VZ Fit Pull Comparison

DataFit_unconditional_mul
Parameter ® VHit

#  Blinded NP o vt
G L2_14 os 0.9 1.0 1.1 1.2 Signif  Values GammasL2_15 os 0.9 1.0 11 1.2 Signif  Values
qamma_dmvacdiboson_75-150pty_DSR J2_Typent T1L2 b 10 4 060 100£001 gamma_dmadibeson_75-150ptv_DSR J3_Typent T1_L2_bin_3 d s 1005001
qamma_dmuadiboson_75-150ptv_DSR J2 Thypent .42 bin 11 i 080 1005001 gamma_dmvadiseson_75-150pt DSR J3_Tlypent T1 L2 bin 4 i 030 1005001
qamma_dmuadiboson_75-150pty_DSR J2 Thypent T1_L2 bin 12 4 080 100£001 gamma_dmvadiseson_75-150pt DSR J3_TTypent TL L2 bin 5 4 070 1.00%0.01
qamma_dmadiboson_75-150ptv_ DSR J2 Thypent T2 4 050 100£001 gamma_dmvadiseson_75-150pt DSR J3_TTypent T1 L2 bin 6 lo Loo 101001
qamma_dmadiboson_75-150ptv_DSR J2 Thypent T L2 b 4 050 100002 gamma_dmvadiseson_75-150ptDSR J3_TTypent T1 L2 bin 7 4 0% 1005001
qamma_dmuadisoson_75-150ptv_DSR J2 Thypent T4 2 bin 2 i 070 1.00%0.00 gamma_dmvadiseson_75-150pk DSR J3_TTypent TL L2 bin 8 4 040 1005001
qamma_dmuadisoson_75-150ptv_DSR J2 Thypent T4 12 bn_3 ! 05 1005001 gamma_dmvadiseson_75-150pt DSR J3_TTypent TLL2_bin 9 4 010 1005001
qamma_dmuadiboson_75-150ptv_DSR J2 Thypent T4 12 bin_4 070 100001 qamma_dmuadiboson 75-150py_ DSR I3 TTpext 12_bin 0 4 010  100%001
qamma_dmuadisoson_75-150pt_DSR J2 Tyt T4 2 bn 5 4 D10 100001 qamma_dmuadisoson_75-150pv_DSR 3 Tiypext L2_bin 1 d 040 1.0020.01
qamma_dmuadisoson_75-150pt_DSR J2 TTypent T12.bin 6 I 030 1005001 qamma_dmadiboson_75-150ptv_ DSR J3 Tyt L2_bin_10 4 080 1012002
qamma_dmuadiboson_75-150pt_DSR J2 Thypent T112 bn_7 d 060 100£001 qamma_dmadiboson_75-150ptv_ DSR J3 Thypet L2_bin 11 & 040 1.0020.02
qamma_dmuadisoson_75-150pt_DSR J2 TTypent T4 12 bn 8 N 000 1005001 qamma_dmadiboson_75-150ptv_DSR 3 Thypext L2_bin 12 —ol o 0992003
qamma_dmuadiboson_75-150pt_DSR J2 Thypent T4 12 bn 9 4 6o 099001 qamma_dmadiboson_75-150ptv_ DSR J3 Thypext L2_bin_13 - 050 1.00%0.03
qamima_dmadiboson_75-150pty_DSR J2 Thypext 12_bi 0 L 110 100001 qamma_dmadiboson_75-150ptv_ DSR J3 Thypext L2_bin_14 020 1.00%0.03
qamma_dmadiboson_75-150pty_DSR J2 Thypext 12_bi 1 d 060 100£001 qamma_dmuadiboson_75-150pt_DSR 3 Thypext L2_bin 2 4 020 1.00%0.01
gamima_dmadiboson_75-150ptv_ DSR J2 Thypext L2_bin 10 < 050 1004002 qamma_dmuadisoson_75-150pt_DSR J2 Tlypext L2_bin 3 4 070 1.00%0.01
gamma_dmadiboson_75-150ptv_ DSR 12 Thypext L2_bin 11 4 020 1.00£002 qamma_dmuadiboson_75-150pt DSR J2_TTypext L2_bin 4 4 060 1.00£0.01
gamma_dmadiboson_75-150ptv_ DSR 2 Thypext L2_bi 12 d— 1a0 101003 qamma_dmuadiboson_75-150tv_DSR J2 Tlypext L2_bin 5 L 130 101001
gamma_dmadiboson_75-150ptv_ DSR 12 Thypext L2_bin 13 4 060 1004003 qamma_dmuadisoson_75-150v_DSR J2 Tlypext L2_bin 6 ue 010 1002002
gamma_dmadiboson_75-150ptv_ DSR 12 Thypext L2_bin 14 010 1004003 qamma_dmuadiboson 75-150p1y_ DSR J3 Tlypext L2_bin 7 -~ 020 1.00%002
qamma_dmadiboson_75-150pty_DSR J2 Thypext 12_bi 2 i 050 1004001 qamma_dmuadisoson_75-150ptv_DSR J3 Thypext L2_bin 8 1 080 1.00%0.02
qamma_dmadiboson_75-150pty_DSR 12 Thypext 12_bi 3 4 080 100£001 qamma_dmuadisoson_75-150pv_DSA J3 Thypext L2_bin 8 <4 060 1.0020.02
qamma_dmadiboson_75-150pty_DSR J2 Thypext 12_bi 4 1 080 1004001 qamma_dmuadiboson_75-150pt_DSR J4_TTypebb_L2_bin.0 <4 000 1.00%0.02
qamma_dmadiboson_75-150pty_DSR J2 Thypext 12_bi_5 o D% 099001 qamma_dmuadiboson_75-150pt DSR J4_TTypebb_12_bin_1 4 o0 1002001
qamma_dmadiboson_75-150ptv_DSR 12 Thypext L2_bin_6 4 040 1004002 qamma_dmuadiboson_75-150pty_ DSA J4Tlypeb L2_bin_10 1 000 1.00%0.01
qamma_dmadiboson_75-150pty_DSR 12 Thypext 12_bi.7 4 020 100002 qamma_dmuadiboson_75-150pty_ DSA J4_Thypeb L2 bin 11 <4 020 1.00%0.02
qamima_dmadiboson_75-150pty_DSR J2 Tyt 12_bi 8 1 040 1004002 qamma_dmuadiboson_75-150pty_ DSA_J4Thypeb, L2 bin 12 1 110 1002002
qamima_dmuadiboson_75-150pty_DSR J2 Thypext L2_bi 9 o 170 0994002 qamma_dmadiboson_75-150pty_ DSA J4_Thypeb L2_bin 13 <+ oo 1002002
gamima_dmuadiboson_75-150ptv_DSR J3 Thpeb L2 bin.0 4 000 1004001 qamma_dmadiboson_75-150pty_ DSR4 Thypeb L2_bin_14 4 000 1.00%0.02
gamima_dmadiboson_75-150ptv_DSR J3 Thpeb L2 bin_1 4 045 1004001 qamma_dmuadiboson_75-150pt DSR J4_TTypebb_12_bin2 d 0% 1.00£0.01
gamima_dmadiboson_75-150pty_DSR 3 Thypeb, L2 bin 10 4 010 1004002 gamma dmiadisoson_75-150pt DSR J4_TTypebb L2 bin 3 ) 060 1002001
gamima_dmadiboson_75-150pty_DSR J3 Thypeb, L2 bi 11 <4 020 1002002 gamima dmuadisoson_75-150pt DSR J4_TTypebb L2 bin 4 4 030 1002001
gamima_dmadiboson_75-150pty_DSR J3 Typeb, L2 bi 12 4 080 1004002 qamma_dmuadiboson_75-150pt DSR J4_Thypebb L2_bin5 d 0% 1.0020.01
gamima dmadiboson_75-150pty_DSR J3 Thypebb, L2 bi 13 —o D80 0992002 gamma dmuadiboson 75-150pt. DSR J4_Thypebb L2 bin 6 I8 L4 1002001
gamima dmadiboson_75-150pty_DSR J3 Thypeb, L2 bin 14 o 170 1o1%002 gamma dmuadiboson 75-150pt. DSR J4_Thypebb L2 bin 7 4 D00 1002001
gamima dmuadiboson 75-150ptv_DSR J3 Thpeb L2 bin 2 d 130 1.00:001 gamma dmiadiboson 75-150pt. DSR J4_Thypebb L2 bin 8 4 030 1002001
qamma_dmadiboson 75-150ptv_ DSR J3 Thypeb L2 bin3 4 030 1002001 gamma dmuadiboson 75-150pty. DSR J4_Thypebb L2 bin 9 4 040 100%0.01
gamima dmadiboson 75-150ptv_DSR J3 Thypeb L2 bin4 i 050 1002001 gamma dmuadiboson 150-25051 DSR J2_Thypebb L2 bin 0 4 020 1002001
gamima_dmadiboson 75-150ptv_DSR J3 Thypeb L2 bin5 4 030 1.00£001 gamma dmuadiboson 150-2505t DSR J2_Thypebb L2 bin 1 I8 150 1.00£001
qarmima dmadiboson 75-150pty_DSR J3 Thypeb L2 bin 6 o 0.99+0.01 Gamma dmuadibozon 1502506t DSR J2_Thpebb L2 bin 10 & 220 099003
gamma_dmvadiboson_75-150pty_DSR J3 Tlypebb L2 bin 7 1 180 1.00+0.01 gamma_dmvadiboson_150-250ptv_DSR J2 Typebb, L2 bin 11 —— 020 1.00%0.03
gamma_dmvadibosan_75-150pty_DSR J3 Tlypebb L2 bin & - 050 1.00%0.01 gamma_dmvadiboson_150-250pty_DSR J2 TTypebb L2 bin 12 IN 0.60  1.00%0.03
gamma_dmvadibosan_75-150pty_DSR J3 Tlypebb_L2 bin 9 <+ 040 1.00%0.02 ‘gamma_dmvadiboson_150-250pty_DSR J2 Typebb, L2 bin 13 N 100 1.00%0.04
gamma_dmuadiboson 75-150p1_DSR J3 TTypent_T1 L2 bin 0 Py 030 1.00%0.01 ‘gamma_dmvadiboson_150-250pty_DSR J2 Typebb, L2 bin_14 . .00 1.00+0.04
gamma_dmvadibosan_75-150pty_DSR J3 TTypent T1_L2_bin 1 b 270 1.00£001 ‘gamma_dmvadiboson_150-250ptv_DSR J2 Typebb L2 bin 2 -+ 020 1.00%0.01
gamma_dmvadiboson 75-150pty_DSR J3 TTypent T1 L2 bin 10 e 010 1.00%0.02 ‘gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L2 bin_3 + 050 1.00%0.01
gamma_dmvadiboson 75-150pty_DSR J3 TTypent T1 L2 bin 11 &4 000 1.00%0.02 ‘gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L2 bin 4 <+ ‘130 1.00£0.01
gamma_dmvadiboson 75-150pty_DSR J3 TTypent T L2 bin 12 —- 130 099+0.02 ‘gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L2 bin 5. . 030 1.00£0.02
gamma_dmvadiboson 75-150pty_DSR J3 TTypent T1 L2 bin 13 —- 060 1.00%0.02 ‘gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L2 bin 6. - 090 1.00%0.02
gamma_dmvadiboson 75-150pty_DSR J3 TTypent T1 L2 bin 14 i - 060 1.01%0.03 ‘gamma_dmvadiboson_150-250ptv_DSR J2 Tlypebb L2 bin_7 - 090 1.00%0.02
gamma_dmuadiboson 75-150pty_DSR J3 TTypent T1 L2 bin 2 t 020 1.00+0.01 gamma_dmvadiboson 150-250ptv_DSR 2 Tlypebb L2 bin 8 4 ©0.00  1.00£0.02
0.8 0.9 1.0 11 12 0.8 0.9 1.0 11 12

<
<

Figure 66: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH (- bb, c¢) Analysis Detail

DatafFit_uncondi
Parameter ® VHit

onal_mul

#  Blinded NP o vzt
G L2_16 os 0.9 1.0 1.1 1.2 Signif  Values GammasL2_17 os 0.9 1.0 11 1.2 Signif  Values
gamma,dmvadiboson_150-250ptv_DSR J2_TTypeb_L2_bin_9 1 070 100002 gamma_dmadiboson_150-250ptv_DSR J3 Thypent T1_L2_bin 5 1 180 101001
qamma_dmvacdiboson_150-250pty_DSR 2 TTypent T1_L2_bin_0 i 040 1004001 gamma_dmadibason_150-250ptv_DSR J3 Thypent T1_L2_bin 6 4 110 100002
qamma_dmvacdiboson_150-250pty_DSR 2 TTypent T1_L2_bin_1 4 000 1004001 gamma_dmadiboson_150-250pty_DSR 3 Thypent T1_L2_bin 7 o< 120 0994002
gamma_dmvadiboson_150-250ptv_DSR J2_Typent T1L2 b 10 < 090 1004002 gamma_dmadiboson_150-250ptv_DSR J3 Thypent T1_L2_bin 8 4 030 1004002
gamma_dmvadiboson_150-250ptv_DSR J2_Typent T1_L2_bin 11 Jo— 140 101002 gamma_dmadiboson_150-250ptv_DSR J3 Thypent T1_L2_bin 9 <4 060 100%002
gamma_dmvadiboson_150-250ptv_DSR J2_Typent T1L2_bin 12 <4 010 1005002 qamma_dmvacibosan_150-250pty_ DS J3_Typest L2_bin 0 4 020 1004001
qamma_dmvadiboson_150-250ptv_DSR J2_Typent T1L2_bin 13 - 000 1004003 qamma_dmvaciboson_150-250pty_ DS J3_Typest L2_bin_1 4 070 100001
qamma_dmvadiboson_150-250ptv_DSR J2_Typent 112 bin_14 080 1.014003 Gamma_dmvaciboson_150-250ptv_DSRJ3 Typext L2_bin 2 < 120 1.00%001
qamma_dmuacliboson_150-250pty DS 2 TTypent T1_L2_bin_2 d 070 100001 qamma_dmuaciboson_150-250pty_ DS J3_Typest L2_bin 3 1 080 1004002
qamma_dmuaciboson_150-250ptv DSR2 TTypent T1_L2_bin_3 d 010 1004001 qamma_dmuaciboson_150-250pty_ DS J3_Typest L2_bin 4 4 020 1004002
qamma_dmuacdiboson_150-250pty DSR2 TTypent T1_L2_bin_4 4 60 1002001 qamma_dmuaciboson_150-250pty_ DS J3_Typest L2_bin 5 4 020 1004002
qamma_dmuacdiboson_150-250pty DSR2 TTypent T1_L2_bin_5 4 030 1002001 qamma_dmuaciboson_150-250pty_ DS J3_Typext L2_bin 6 4 010 100%002
qamma_dmuacdiboson_150-250pty_DSR 2 TTypent T1_L2_bin_6 4+ 020 1002001 qamma_dmuaciboson_150-250pty_ DS J3_Typext L2_bin 7 —o 130 0994003
qamma_dmuacdiboson_150-250pty_DSR 2 TTypent T1_L2_bin_7 4 020 1004001 qamma_dmuaciboson_150-250pty_ DS J3_Typext L2_bin 8 090 1014003
qamma_dmuaciboson_150-250pty_DSR 2 TTypent T1_L2_bin_8 4 050 1004002 qamma_dmuaciboson_150-250pty_ DS J3_Typext L2_bin 9 040 1004004
qamma_dmuacdiboson_150-250pty DS 2 TTypent T1_L2_bin 9 o 60 0992002 qamma_dmuacdiboson 1502505ty DS J8 TTypebb_L2_bin 0 4 080 1004001
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin 0 4 020 1.00£002 qamma_dmuadiboson_150-250pty DS J8 TTypebb_L2_bin 1 4 070 100001
gamma_dmvadiboson_150-250pty_DSR J2_Typext L2_bin_1 4 030 1004002 gamma_dmvaciboson_150-250pty DS J4 TTypebb_L2_bin 10 4 080 1004002
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin_2 4 09 1002002 gamma_dmuaciboson_150-250ptv_DSR J4_Trypeb L2_bin 11 4 040 1004002
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin_3 <4 000 1002002 gamma_dmvaciboson_150-250ptv_DSR J4_Trypeb, L2_bin 12 4 090 1004002
gamma_dmvadiboson_150-250pty_DSR J2_Typext L2_bin_4 <4 090 1002002 gamma_dmvaciboson_150-250pty DS J4 TTypebb_L2_bin_13 4 130 1004002
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin_5 o 120 101003 gamma_dmvaciboson_150-250pty_DSR J4_Trypeb L2_bin 14 050 1004003
gamma_dmvadiboson_150-250pty_DSR J2_Typext L2_bin_6 4 010 1.00%0.03 qarmma_dmvaciboson_150:250ptv_DSR J4_TTypebb_L2.bin 2 + 050 1.00%001
gamma_dmvadiboson_150-250pty_DSR J2_Typext L2_bin_7 . 200 0.99%0.03 garmma_dmvadiboson_150:2501y_DSR_J4_TTypebb_L2_bin.3 + 010 1.00%001
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin_8 d 040 1.00%0.04 qarmma_dmvaciboson_150-250ptv_DSR_J4_TTypebb_L2.bin_4 <+ 030 1.00%001
gamma_dmvadiboson_150-250ptv_DSR J2_Typext L2_bin 9 I\ 010 1.00%0.05 garmma_dmvaciboson_150:2501y_DSR_J4_TTypebb_ L2 bin5 + 010 1.00%001
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Figure 67: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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Figure 68: MC modelling
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Figure 69: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison
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Figure 70: MC modelling nuisance
paring VH (blue) or VZ (green) fit.
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VH (- bb, c¢) Analysis Detail
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Figure 71: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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Figure 72: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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Figure 73: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison

DataFit_unconditional_mul

gamma_dmvadiboson_75-150pty_DSR J2_TTypent T1_L1 bin 10

gamma_dmvadiboson_75-150pty_DSR J2_TTypent T1 L1 bin 11

gamma_dmvadiboson_75-150pty_DSR J2_TTypent T1 L1 bin 12

gamma_dmvadiboson_75-150pt_DSR J2 TTypent T1 L1

gamma_dmvadiboson_75-150pt_DSR J2_TTypent T1 L1 bin 14

‘gamma_amvadiboson_75-150pty_DSR J2_TTypent T1 L1 bin 2

‘gamma_amvadiboson_75-150pty_ DSR J2_TTypent T1 L1 bin 3

‘gamma_amvadiboson_75-150pty_DSR J2_TTypent T1 L1 bin 4

gamma_amvadiboson 75-150pty_ DSR J2 TTypent T1 L1 bin 5

gamma_dmvadiboson 75-150ptv_ DSR J2_TTypent T1 L1 bin 6

gamma_dmvadiboson 75-150ptv_ DSR J2_TTypent T1 L1 bin 7

gamma_dmvadiboson 75-150pty_ DSR J2 TTypent T1_L1 bin 8

gamma_dmvadiboson 75-150ptv_ DSR J2 TTypent T1 L1 bin 9

‘gamma_dmvadiboson_75-150pty_DSR J3_TTypent T1 L1 bin 0

Parameter 04 VH‘f_‘t
#  Blinded NP o vzt
G L1 11 os 0.9 1.0 1.1 1.2 Signif
Gamma_dmadiboson_75-150ty_DSR J2_Thypebb L1 bin5 { 010
Gamima_dmadiboson_75-1507ty_DSR J2_Thypebb L1 bin 6 s Lo
Gamma_dmadiboson_75-150pty_DSR J2_Thypebb L1 bin_7 4 “0.40
Gamima_dmadiboson_75-150pty_DSR J2 Thypebb L1 bin 8 4 150
Gamma_dmadiboson_75-150py_DSR J2_Thypebb L1 bin.9 s .
qamma_dmvadiboson_75-150pty_DSR J2_Typent T1_L1bin.0 4 150
qamma_dmvadiboson_75-150pty_DSR J2_Typent_T1_L1_bin_t 4 070
L -0.30
S 0.80
< -0.50
13 4 0.40
1o 0.80
[ ] 0.50
o 2.7¢
° 3.00
q -0.90
o 170
» 0.60
L ] 0.10
. -1.90
Gamma_dmuadibozon 75-150pty_DSR J2 Thyext L1 bin 0 d 010
gamma_dmadiboson 75-150pty_DSR J2 Thyext L1 bin_1 d 070
Gamm_dmuadibozon 75-150pty_DSR J2 Thypext L1 bi 10 | o oo
Gamma_dmuadibozon 75-150pty_DSR J2 Thpext L1 bin 11 ol 0.90
Gamm_dmuadibozon 75-150pty_DSR J2 Thypext L1 bin 12 —o 050
Gamma_dmuadibozon 75-150pty_DSR J2 Thypext L1 bin 13 . 060
Gamma_dmuadibozon 75-150pty_DSR J2 Thypext L1 bin 14 | oo
gamma_dmuadibozon 75-150pty_DSR J2 Thyext L1 bin 2 - 180
Gamma_dmuadibozon 75-150pty_DSR J2 Thext L1 bin 3 N 050
Gamma_dmuadibozon 75-150pty_DSR J2 Tt L1 bi I .
gamma_dmuadibozon 75-150pty_DSR J2 Thext L1 bin 5 le oo
gamma_dmuadibozon 751500ty DSR J2 Tyt L1 b6 4 030
gamma_dmuadibozon 75-150pty_DSR J2 Tyt L1 bi 7 - 080
gamma_dmuadibozon 75-150pty_DSR J2 Thext L1 bi 8 4 030
gamma_dmuadibozon 751500ty SR J2 Thyext L1 bin 3 . o
Gamma dmadboson 75-150pty_ DSR J2 Thpebb L1 bin 0 ! 110
gamma dmuadiboson 75-150pty_DSR J2 Thpebb L1 bin 1 4 070
Gamma_dmuadibozon 75-150pty_DSR J3 Thypeb, L1 bin 10 ! 010
Gamma_dmuadibozon 75-150pty_DSR J3 Thypeb, L1 bin 11 ! 020
Gamma_dmuadibozon 75-150pty_DSR J3 Thypeb, L1 bin 12 ! 0.00
Gamma_dmuadibozon 75-150pty_DSR J3 Thypeb, L1 bin 13 d .
oamma_dmuadibozon 75-150pty_DSR J3 Thypeb, L1 bin 14 | 2.00
gamma_dmuadiboson 75-150pty_DSR J2 Thpebh L1 bin 2 ! P
gamma_dmadiboson 75-150pty_DSR J2 Thpebb L1 bin 3 ! 010
Gamma_dmuadboson 75-150py_DSR J2 Thpebb L1 bin 4 I 150
gamma_dmuadiboson 75-150py_DSR J2 Thpebh L1 bin 5 s 130
gamma_dmadboson 75-150pty_DSR J2 Thpebh L1_bin 6 4 0.60
Gamma_dmuadiboson 75-150pty_DSR J2 Thpebh L1 bin 7 ! 030
Gamma_dmadiboson 75-150pty_DSR J2 Thpebh L1 bin 8 4 0.00
Gamma_dmadiboson 75-150pty_DSR J2 Thpebh L1 bin 9 4 020
b 140
0.8 0.9 1.0 11 1.2
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Figure 74: MC modelling
paring VH (blue) or VZ (green) fit.
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GammasL1l_12

‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent T1 L1 bin 1
‘gamma_dmvadiboson_75-150pty_DSR J3 TTypent T1 L1 bin 10
‘gamma_amvadiboson_75-150pty_DSR_J3 TTypent T1 L1 bin 11
‘gamma_amvadiboson_75-150pty_DSR_J3 TTypent T1 L1 bin 12
‘gamma_amvadiboson_75-150pty_DSR J3 TTypent T1 L1 bin 13
‘gamma_amvadiboson_75-150pty_DSR J3_TTypent T1 L1 bin 14

‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent_T1_L1_bin_2
‘gamma_ dmvadiboson_75-150pty_DSR_J3_TTypent T1_L1.bin_3
‘gamma_dmvadiboson_75-150ptv_DSR J3_TTypent T L1._bin_4
‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent T1_L1_bin_5
‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent_T1_L1.bin_6
‘gamma_dmvadiboson_75-150ptv_DSR J3_TTypent T1.L1_bin_7
‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent_T1_L1._bin_&
‘gamma_dmvadiboson_75-150pty_DSR_J3_TTypent_T1_L1._bin_9
‘gamma_amvadiboson_75-150ptv_DSR J3 TTypext L1 bin 0
‘gamma_amvadiboson 75-150pty_ DS J3 TTypext L1 bin 1
gamma_dmvadiboson 75150ty DSR J3 TTypext L1 bin 10
gamma_dmvadiboson 75150t DSR J3 TTypext L1 bin 11
gamma_dmvadiboson 75-150ptv_DSR 3 TTypext L1 bin 12
gamma_dmvadiboson 75150ty DSR J3 TTypext L1 bin 13
gamma_dmvadiboson 75-150ptv_DSR J3 TTypext L1 bin 14
‘gamma_amvadiboson_75-150pty_ DS J3 TTypext L1 bin 2
‘gamma_dmvadiboson_75-150pty_ DSR J3 TTypext L1 bin 3
‘gamma_amvadiboson_75-150pty_ DS J3 TTypext L1 bin_4
‘gamma_amvadiboson_75-150pty_ DSR J3 TTypext L1 bin 5.
‘gamma_amvadiboson_75-150pty_ DSR J3 TTypext L1 bin 6
‘gamma_dmvadiboson_75-150pty_ DSR J3 TTypext L1 bin_7
‘gamma_amvadiboson_75-150pty_ DSR J3 TTypext L1 bin 8
‘gamma_amvadiboson_75-150pty_ DSR J3 TTypext L1 bin 0
‘gamma_dmvadiboson_150-250ptv_DSR 2 TTypebb_L1_bin 0
‘gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L1 bin 1
‘gamma_dmvadiboson_150-250pty_DSR J2 TTypebb,_L1_bin_10
gamma_dmvadiboson_150-250pt_DSR J2 TTypebb L1 bin 11
gamma_dmvadiboson_150-250pty_DSR J2 TTypebb L1 bin 12
gamma_dmvadiboson_150-250pty_DSR J2 TTypebb, L1 bin 13
gamma_dmvadiboson_150-250pty_DSR J2 TTypebb, L1 bin 14
gamma_dmvadiboson_150-250pt_DSR J2 Typebb L1 bin 2
‘gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L1 bin 3
gamma_dmvadiboson 150-250p1v_DSR J2 TTypebb L1 bin 4
‘gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L1 bin 5.
‘gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L1 bin 6
‘gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L1 bin_7
‘gamma_dmvadiboson_150-250ptv_DSR 2 TTypebb L1 bin 8
gamma_dmvadiboson_150-250p1v_DSR J2 TTypebb L1 bin 0
‘gamma_amvadiboson_150-250ptv_DSR 2 TTypent T1 L1 bin 0
‘gamma_amvadibason_150.250ptv_DSR J2_Tlypent T1 L1 bin 1
gamma_dmvadiboson_150-250ptv_DSR 2 TTypent T1 L1 bin_10

gamma_dmvadiboson_150-250ptv_DSR J2 Tlypent T1 L1 bin 11

gamma_dmvadiboson_150-250pt_DSR J2 Tlypent T1 L1 bin_ 12

gamma_dmvadiboson_150-250ptv_DSR 2 TTypent T1 L1 bin 13

gamma_dmvadiboson_150-250ptv_DSR 2 Tlypent T1 L1 bin 14
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parameter pulls and the free parameter scale factors com-



VH (- bb, c¢) Analysis Detail

DataFit_unconditional_mul
Parameter ® VHit

#  Blinded NP o vt
G L1 13 os 0.9 1.0 1.1 1.2 Signif  Values GammasL1l_14 os 0.9 1.0 11 1.2 Signif  Values
qamma_dmvacdiboson_150-250ptv_DSR 2 TTypent T1_L1_bin_2 1 030 1004001 Sammadmadboson 150:2500 DSR J3 Thpent TLLL bin 8 1 040 100%0.01
qamma_dmvacdiboson 1502505ty DSR2 TTypent T1_L1_bin_3 { 096 1004001 Samma dmvadboson 150:2500 DSR J3 Thpent TLLL bin 9 1 050 1.00%0.01
qamma_dmadiboson_150-250pt. DSR J2 Thypert T4 bin_4 4 080 100£001 qamma_dmadiboson_150-250pty DSR J3_TTypest 1. bin.0 4 020 1002001
qamma_dmuadiboson_150-250pt.DSR J2 Thypent T4 bin 5 d Qa0 100001 qamma_dmadiboson 150-250pty OSR J3_TTypest 1. bin 1 4 080 1002001
qamma_dmuadiboson_150-250pt.DSR J2 Thypent T4 bin 6 d 080 100£001 qamma_dmadiboson_150-250pv_DSR J3 Thpext L1_bin_10 4 030 100%0.02
qamma_dmuadiboson_150-250pt. DSR J2 Tyt T4 11 bn_7 d 050 100£001 camma_dmadiboson_150-250pt_DSR J3 Thpet L1_bin 11 ol Q4o 0992002
qamma_dmuadiboson_150-250pt. DSR J2 Thypent T4 bin 8 L 100 100001 qamma_dmadiboson_150-250pt_DSR J3 Thpext L1_bin 12 < 010 1005002
qamma_dmuadiboson_150-250pt. DSR J2 Tyt T4 bin 9 4 060 100£001 qamma_dmadiboson_150-250pv_DSR J3 Thpext L1_bin 13 4 010 1002003
camma_dmadiboson_150-250pk. DSR J2 Thpest L1_bin.0 d 000 099001 qamma_dmadiboson_150-250pv_DSR J3 Thpext L1_bin_14 110 102004
camma_dmadiboson_150-250pk. DSR J2 Thpest L1_bin_1 1 04s 1005001 qamma_dmadiboson_150-250pty OSR J3_TTypest 1. bin_2 o 120 0992001
gamma_dmvadiboson_150-250ptv_DSR_J2_Tiypext_L1_bin_10 < 020 1.00+0.03 gamma_dmvadiboson_150-250ptv_DSR J3 TTypext L1 bin 3 o 120 1.01%0.01
gamma_dmvadiboson_150-250ptv_DSR_J2_ Tiypext_L1_bin 11 . 130 0.98+0.03 gamma_dmvadiboson_150-250pt_DSR J3 TTypext L1 bin 4 4 060 1.00%0.01
gamma_dmvadiboson_150-250ptv_DSR J2_ Tiypext_L1_bin 12 + 010 1.00+0.04 gamma_dmvadiboson_150-250ptv_DSR J3 TTypext L1 bin 5 - 100 0.99%0.02
gamma_dmvadiboson_150-250ptv_DSR J2_ Tiypext_L1_bin 13 - 120 1.02%0.04 gamma_dmvadiboson_150-250ptv_DSR J3 TTypext L1 bin 6 - 130 099%0.02
gamma_dmvadiboson_150-250ptv_DSR J2_ Tiypext_L1_bin 14 - 080 1.01%0.05 gamma_dmvadiboson_150-250ptv_DSR J3 TTypext L1 bin 7 | 150 0.09%0.02
Gamm_dmuadiboson 1502505t DSR J2_Thpest L1 bin 2 4 040 100001 qamma_dmadiboson 150-250pty DSR J3_Tiypest 1. bin8 lo- 120 101002
gamma_dmadiboson 150-250pt. DSR J2 Thpest L1_bin3 < 170 0994001 qamma_dmadiboson 150-250pty DSR J3_TTypest 1. bin.9 | Si 102002
qamma_dmadiboson 150-250pt_DSR J2 Thypest L1 bin4 a4 060 100£001 qamma_dmadiboson 250-400pt.DSR J2 TTypebb_L3.bin0 4 020 1005001
qamma_dmadiboson 150-250pt. DSR J2 Thypest L1 bin5 4 020 1004002 qamma_dmadiboson 250-400pt DSR J2_TTypebb L3 bin_1 4 010 1005001
camma dmadiboson 150-250pt. DSR J2 Thpest L1_bin 6 4 020 100£0.02 qamma_dmadiboson 250-400pt.DSR J2_TTypebb L3 bin2 4 030 1005001
qamma_dmadiboson 150-250pt_DSR J2 Thpest L1_bin7 le Lio 102002 qamma_dmadiboson 250-400pt.DSR J2 TTypebb_L3.bin3 4 020 1.00%0.02
gamma dmadiboson 150-250pt_DSR J2 Thpest L1_bin8 4 060 1014002 qamma_dmadiboson 250-400pt. DSR J2_TTypebb L3 bin4 < 020 1002002
gamma dmadiboson 150-250pt_ DSR J2 Thpest L1_bin9 —ol D0 098003 qamma_dmadiboson 2504005t DSR J2 TTypebb L3 bin5 4 o0 1002003
qamima dmadiboson 150-250p_DSR J3 Thypebb_L1_bin 0 s 160 100000 qamma_dmadiboson_250-400pt.DSR J2_TTypebb_L3_bin5 o0 1002003
gamima_dmadiboson_150250p_DSA J3 Thpebb_L1_bin_1 1 020 1004000 qamma_dmadiboson_250-400pt DSR J2_TTypebb L3 bin7 060 1.00%0.04
gamma_dmuadivoson_150-250pty_DS 13 TTypebb_L1.bin 10 4 050 1002001 Gamma dmuadiboson 250-4005ty DSR J3_TTypebb L1 bin 0 ; 060 1.00%0.01
gamma_dmuadivoson_150-250pty_DSRJ3_Typebb_LL bin 11 < L3 1002001 gamma_dmuadiboson 250-400pty DSR J3_TTypebb L3 bin 1 i 050 1.00%0.01
gamma_dmuadivoson_150-250pty_DSJ3_Typebb_LL bin 12 4 060 1004002 gamma_dmuadiboson 250-4005ty DSR J3_TTypebb L3 bin 2 4 000 10020.01
gamma_dmuadivoson_150-250pty_DSJ3_Typebb_LLbin 13 <+ 040 1002002 gamma_dmuadiboson 250-4005ty DSR J3_TTypebb L1 bin 3 4 0% 1.00£0.01
gamma_dmuadivoson_150-250pty_DSJ3_Typebb_LL bin 14 o 130 101002 Gamma_dmuadiboson 250-4005t DSR J3_TTypebb L3 bin 4 4L Li 1012002
gamima_dmadiboson_150-250pt_DSA J3 Thpeb L1 bin 2 ! 050 100£0.00 qamma_dmadiboson_250-400pt DSR J3_TTypebb L3 bin5 4 130 0992002
gamima_dmadiboson_150-350pt_DSA J3 Thpebb L1 bin3 ! 110 100000 qamma_dmadiboson_250-400ptDSR J3_TTypebb_L3_bin_5 4 010 1002003
gamima_dmadiboson_150-250pt_DSA J3 Thpebb L1 bin4 { 060 100£0.00 qamma_dmadiboson 250-400pt DSR J3_TTypebb L3 bin7 030 1.00%0.03
gamima dmadiboson 150-250pt_DSA J3 Thpebb L1 bin5 ! 030 1.000,00  9amme dmodboson SMa600 G0 SR Jo Thypebd L1 bin 0 ! 040 1002000
gamima dmadiboson_150-250ptv_DSR J3 Thypeb L1 bin 6 { 050 1.00£000  99mma dmvadboson BMX600_EMnADD SR O Thpebt L1 bin 1 ! D00 1004000
gamima dmadiboson 150-350pt_DSA J3 Thpebb L1 bin7 It 060 1,000,017  9ammo dmvodboson SMa600 GO0 SR Jo Thypeb L1 bin 2 ! 140 1.00£000
gamima dmadiboson_150-250pt_DSR J3 Thpebb L1 bin 8 d 110 1.00£001  9amma dmvadboion BMOX600_EMnADD SR O Thpebt L1 bin 3 ! 050 1005001
gamima dmadiboson_150-350pt_DSR J3 Thpebb L1 bin 3 i 020 1,000,017  98mme dmodboson SMa600 G0 SR Jo Typeb L1 bin 4 I 160 100£001
qamma dmadiboson_150-250pt DSR J3 Thypent T1L1 bn 0 4 020 100001  99mma dmvadboson BMX600_EMnADD SR O TTpebt L1 b 4 170 1004001
qamima dmadiboson_150-250pt DSR J3 Tyt T1 L1 bin 3 4 100 100001  99mma dmvadboson BMX600_EMnADD SR O Thpebt L1 bin & 4 030 1004002
gamma_dmvadiboson_150-250pty_DSR J3 TTypent T2 L1 bin 10 <+ 030 1.0040,01  9amma.dmiadboson BMaXG00_BMind00 SR JO TTypebh L1 bin.7 —— 000 1.00%0.03
gamma_dmvadiboson 150-250pty_DSR J3 Typent T1_ L1 bin 11 1 100 1.01£0.01 ‘gamma_amvadiboson_250+ptv_DSR 2 Tlypent TL L1 bin 0 -+ ‘110 1.00£0.01
Gamma_dmvadiboson 150-250pty_DSR J3 Typent T1_L1 bin 12 < 010 1.00%0.02 ‘gamma_amvadibason 250+ptv_DSR J2 Tlypent T1 L1 bin 1 i 080 1.00%0.01
Gamma_dmvadiboson 150-250pty_DSR J3 Typent T1_L1 bin 13 —- 080 099002 gamma_dmvadiboson 250+ptv_DSR 2 Tlypent T1 L1 bin_10 do— 100 1.01%0.02
gamma_dmvadiboson 150-250pty_DSR J3 Typent T1_L1_bin 14 —ot 130 099+0.02 gamma_dmvadiboson 250+ptv_DSR J2 Tlypent T1 L1 bin 11 — 040 1.00%0.02
gamma_dmvadibosan_150-250ptv_DSR J3_TTypent T1L1 bin 2 > 060 1.00%0.01 gamma_dmvadiboson_250+ptv_DSR J2 Tlypent TL L1 bin 12 5 030 1.00%0.03
gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1_L1 bin 3 IN 100 1.00+0.01 gamma_dmvadiboson 250+ptv_DSR 2 Tlypent T1 L1 bin 13 —— 010 1.00+0.03
gamma_dmvadiboson_150-250pt_DSR J3_TTypent T1L1 bin 4 + 030 1.00%0.01 gamma_dmvadiboson_250+ptv_DSR J2 Tlypent T1 L1 bin 14 IN 020 1.00%0.04
gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1_L1 bin 5 o 130 099001 ‘gamma_amvadibason 250+ptv_DSR J2_Tlypent T1 L1 bin 2 <+ 020 1.00£0.01
gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1L1 bin 6 L 080 1.00%0.01 ‘gamma_dmvadibason_250+pty_DSR J2_TTypent T1L1.bin_3 - 040 1.00%0.01
gamma_dmadiboson_150-250ptv_DSR J3_TTypent T1_L1 bin_7 L 080 1.00%0.01 ‘gamma_amvadiboson 250+ptv_DSR 12 Tlypent T1 L1 bin 4 1S 060 1.00%0.01
0.8 0.9 1.0 11 12 0.8 0.9 1.0 11 12
14 14

Figure 75: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison

Parameter
* Blinded NP

G L1 15
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® VHit
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gamma_dmvadiboson_250+ptv_DSR J2 TTypent T1 L1 bin 5

gamma_dmvadiboson_250+ptv_DSR J2 TTypent T1 L1 bin 6

gamma_dmvadiboson_250+ptv_DSR J2 TTypent T1 L1 bin 7

gamma_dmvadiboson_250+ptv_DSR J2 TTypent T1 L1 bin 8

gamma_dmvadiboson_250+ptv_DSR J2 TTypent T1 L1 bin 9

gamma_dmvadiboson 250+pty_DSR J2 TTypext L1 bin 0
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Figure 76: MC modelling nuisance
paring VH (blue) or VZ (green) fit.
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Figure 77: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison
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gamma_dmva_150-250ptv_DSR_J2_TTypext_L0_bin_2 sl 150 1.01%0.02 'gamma_dmva_150-250ptv_DSR J3_TTypext_LO_bin_8 b ol 0.20 1.00£0.03
gamma_dmva_150-250ptv_DSR J2 TTypext_ L0_bin 3 -er 1lo  0.99£0.02 gamma_dmva_150-250ptv_DSR J3_TTypext_L0_bin 9 — 100 0.98+0.03
gamma_dmva_150-250ptv_DSR J2_TTypext_L0_bin_4 -+ 040 1.000.02 gamma_dmva_150-250ptv_DSR J4_TTypebb_L0_bin 0 [ 4 0.49 1.00%0.00
gamma_dmva_150-250ptv_DSR J2_TTypext_L0_bin_5 - 040 101002 gamma_dmva_150-250ptv_DSR J4_TTypebb_L0_bin 1 . 0.49 1.00%0.00
gamma_dmva_150-250ptv_DSR_J2_TTypext_LO_bin_6 —er- 0.80 0.99:£0.02 'gamma_dmva_150-250ptv_DSR _J4_TTypebb_LO_bin_10 -+ 0.70 1.00£0.01
gamma_dmva_150-250ptv_DSR J2_ TTypext L0, bin_7 — 020 100003 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_11 - 040 1.00£0.02
gamma_dmva_150-250ptv_DSR_J2_TTypext_LO_bin_8 — 0.00 1.00+0.03 ‘gamma_dmva_150-250ptv_DSR J4_TTypebb_LO_bin_12 - l4o 1.01£0.02
gamma_dmva_150-250ptv_DSR_J2_TTypext_LO_bin_9 - 030 1.00+0.03 ‘gamma_dmva_150-250ptv_DSR J4_TTypebb_LO_bin_13 - 0.40 1.00£0.02
'gamma_dmva_150-250ptv_DSR J3_TTypebb_L0O_bin_0 * 0.50 1.000.01 'gamma_dmva_150-250ptv_DSR J4_TTypebb_LO_bin_14 —— 1.00 0.99+0.03
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_bin 1 * 050 1.00+0.01 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin 2 . 0.40° 1.00%0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0 | sl 220 1L01%0.01 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_3 * 020 1.00%0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_| ha 000 1.00+0.02 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_4 * 120 1.00£0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_| - 140 0.99+0.02 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_5 * 100 1.00+0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_| i ol 030 1.00+0.02 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_6 * 0.60 1.00%0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_t - 07 1.01%0.03 gamma_dmva_150-250pty_DSR_J4_TTypebb_L0_bin_7 -+ 10 1.00%0.01
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_bin_2 ] 0.00  1.00£0.01 gamma_dmva_150-250pty_DSR_J4_Tlypebb_L0_bin_8 > 080 100£001
gamma_dmva_150-250pty_DSR J3_TTypebb_L0_bin_3 * 030 1.00%0.01 gamma_dmva_150-250ptv_DSR_J4_TTypebb_L0_bin_9 - 070 1.00%001
gomma_dmva_150-250pty_DSR J3_TTypebl_L0_bin 4 < 180 100+001 Gamma_dmva_250-400pt_DSR_J2_Typebb_L0_bin 0 -+ 080 100%001
gamma_dmva_150-250ptv_DSR_J3_TTypebb_L0_bin_5 * 040 100001 gamma_dmva_250-400ptv_DSR_J2_TTypebb_L0_bin_1 * 020 1.00£0.01
gamma_dmva_150-250ptv_DSR_J3_TTypebb_L0_bin_6 * 03s 100001 gamma_dmva_250-400ptv_DSR_J2_TTypebb_L0_bin_2 - 040 1.00£0.01
gamma_dmva_150-250ptv_DSR_J3_TTypebb_L0_bin 7 T 130 100£001 gamma_dmva_250-400ptv_DSR J2_TTypebb_L0_bin_3 - 040 1.00£0.02
gamma_dmva_150-250ptv_DSR_J3_TTypebb_L0_bin_8 -+ 050 1.00+0.01 gamma_dmva_250-400ptv_DSR J2_TTypebb_L0_bin_4 —— 110 1.01%0.03
gamma_dmva_150-250ptv_DSR J3_TTypebb_L0_bin 9 - 030 1.00%0.01 gamma_dmva_250-400ptv_DSR J2_TTypebb_L0_bin_5. —— 080 1.00%0.03
gamma_dmva_150-250ptv_DSR J3_TTypent T1_L0_bin_0 - 23s  1mz001 gamma_dmva_250-400ptv_DSR J2_TTypebb_L0_bin 6 — 010 1.00£0.03
gamma_dmva_150-250ptv_DSR_J3_TTypent_T1_LO_bin_1 -* 020 1.00+0.01 gamma_dmva_250-400ptv_DSR J2_TTypebb_L0_bin 7 —e 120 1.00%0.03
gamma_dmva_150-250ptv_DSR J3_TTypent_T1_L0_t i 150 0.99£0.02 gamma_dmva_250-400ptv_DSR J3_TTypebb_L0_bin_0 - 120 1.00%0.01
gamma_dmva_150-250ptv_DSR J3_TTypent T1_L0 - A gamma_dmva_250-400ptv_DSR J3_TTypebb_L0_bin_1 - 060 1.00£0.01
gemma_dmva_150-250pty_ DSR_J3 Tiypent T1_L0 — 010 1.00£0.02 gamma_dmya_ 250-400pty_DSR_J3 Tlypebb L0 bin 2 - 070 1.00%001
0.8 0.9 1.0 11 1.2 0.8 0.9 1.0 11 1.2

<
<

Figure 78: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.
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VH (- bb, c¢) Analysis Detail

DataFit_uncondi

Parameter ® VHHit
#  Blinded NP o vt
G LO_05 os 0.9 1.0 1.1 1.2 Signif  Values GammasL0_06 os 0.9 1.0 11 1.2 Signif  Values
gamma_dmva_250-400ptv_DSR J3_TTypebb_L0_bin_3 - 110 1.00%0.02 gamma_dmva_250+ptv_DSR J3_TTypent T1_L0_bin 2 - 030 1.00£0.02
gamma_dmva_250-400ptv_DSR J3_TTypebb_LO_bin_4 - 120 1.01£0.02 gamma_dmva_250+pty_DSR J3 Tlypent T1_L0_bin 3 - 020 1.00%£0.02
gamma_dmva_250-400ptv_DSR_J3_TTypebb_L0_bin_5 —— 020 1.00+0.03 gamma_dmva_250+pty_DSR J3_Tlypent T1_L0_bin 4 T™ 120 1012002
‘gamma_dmva_250-400ptv_DSR J3_TTypebb_L0_bin_6 b 1lo 1.01x0.03 gamma_dmva_250+pty_DSR J3_Tlypent T1_L0_bin 5 - 020 1.00%0.02
gamma_dmva_250-400ptv_DSR J3_TTypebb_L0_bin_7 ol 050 1.00+0.04 gamma_dmva_250+ptv_DSR J3_TTypent TL L0_bin 6 —er 210 0.98%0.03
'gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_0 h g 130 1.00%0.01 gamma_dmva_250+ptv_DSR J3_TTypent T1_L0_bin_7 - 1.00 1.01+0.03
‘gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_1 hd 020 1.00%0.01 gamma_dmva_250+ptv_DSR J3_TTypent T1_L0_bin_8 T 1.00 1.01£0.03
'gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_2. + 1.00 1.00£0.01 gamma_dmva_250+ptv_DSR J3_TTypent T1_LO_bin_9 — 120 0.98+0.04
'gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_3 - 14o 1.00£0.02 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_0 - 1.00 1.01+0.02
‘gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_4. - 040 1.00£0.02 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_1 - 1o 0.990.02
'gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_5 - 0.00 1.00£0.02 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_2 - 0.90 1.01£0.03
‘gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_6 -1 160 1.01+0.03 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_3 T 160 1.020.03
‘gamma_dmva_250-400ptv_DSR J4_TTypebb_LO_bin_7 —_— 120 0.990.05 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_4 - 049 1.010.04
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_0 . 080 1.00£0.01 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_5 e 010 1.00%0.05
‘gamma_dmva_BMax600_BMin400_SR JO_TTypebb_L0_bin_1 * 040 1.00£0.01 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_6 —_— 17a 0.97+0.06
‘gamma_dmva_BMax600_BMin400_SR JO_TTypebb_L0_bin_2 + 1.00 1.00£0.01 ‘gamma_dmva_250+ptv_DSR J3_TTypext_LO_bin_7 — 100 0.98+0.09
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_3 hd 080 1.00£0.01 gamma_dmva_BMin600_SR JO_TTypebb_L0_bin_0 -+ 000 1.000.01
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_4 - 050 1.00£0.02 gamma_dmva_BMin600_SR JO_TTypebb_LO_bin_1 h g 040 1.000.01
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_5 - 010 1.00£0.02 gamma_dmva_BMin600_SR JO_TTypebb_LO_bin_2 -+ 070 1.00+0.02
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_6 — 020 1.00£0.03 gamma_dmva_BMin600_SR JO_TTypebb_L0_bin_3 — 020 1.00+0.03
‘gamma_dmva_BMax600_BMin400_SR_JO_TTypebb_L0_bin_7 — 030 1.00£0.03 gamma_dmva_BMin600_SR JO_TTypebb_LO_bin_4 —_— 130 1.00£0.05
‘gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_0. + 080 100001 ‘gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L0_bin 0 b 140 1.00%001
gamma_dmva_250-+ptv_DSR J2_TTypent.T1_LO_bin_1 - 040 1.00%£0.01 gamma_dmvadiboson_150-250pty_DSR J2_TTypebb_L0_bin 1 . 100 1004001
gamma_dmva_250-+ptv_DSR J2_TTypent_T1_L0.t -T— 130 1.02+0.03 gamma_dmvadiboson_150-250pty_DSR_J2_TTypebb, L0_bin_10 - 150 099+0.02
gamma_dmva_250-+ptv_DSR J2_TTypent_T1_L0.t —_— 020 1.00+0.04 gamma_dmvadiboson_150-250pty_DSR J2_TTypebb, L0_bin 11 - 130 1.00%0.02
gamma_dmva_250-+ptv_DSR J2_TTypent_T1_L0.t -1 120 1.02+0.04 gamma_dmvadiboson_150-250pty_DSR J2_TTypebb, L0_bin 12 —— 050 1.00%0.02
gamma_dmva_250-+ptv_DSR J2_TTypent_T1_L0.t o 050 1.01+0.05 gamma_dmvadiboson_150-250pt_DSR_J2_TTypebb, L0_bin 13 4 010 1.00%0.02
‘gamma_dmva_250-+ptv_DSR J2_TTypent_T1_L0_bin_14 —_—r 040 0.99+0.06 ‘gamma_dmvadiboson_150-250pty_DSR J2_TTypebb_ L0_bin 14 — 110 1.00%0.02
gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_2 + 100 1.00x0.01 ‘gamma_dmvadiboson_150-250ptv_DSR J2_TTypebb_L0_bin_2 + 090 1.000.01
‘gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_3 - 140 0.99£0.01 ‘gamma_dmvadiboson_150-250ptv_DSR J2_TTypebb_ L0_bin 3 4 060  1.00%0.01
gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_4 - 090 100001 ‘gamma_dmvadiboson_150-250ptv_DSR J2_TTypebls L0_bin 4 + 050 1.000.01
gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_5 - 070 0.99+0.02 ‘gamma_dmvadiboson_150-250ptv_DSR J2_TTypebl L0_bin_5. + 080 1.00+0.01
‘gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_6 -+ 020 100002 ‘gamma_dmvadiboson 150-250ptv_DSR J2 Typeb L0 bin 6 - 220 0.89%0.01
gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_7 e 220 102002 ‘gamma_dmvadiboson 150-250ptv_DSR J2 TTypebb_ LO_bin 7 + 010 1.00%0.01
‘gamma_dmva_250+ptv_DSR J2_TTypent_T1_LO_bin_8 - 070  0.990.03 ‘gamma_dmvadiboson 150-250ptv_DSR J2 TTypeb L0 bin & 5L 160 1.01£001
‘gamma_dmva_250+ptv_DSR J2_TTypent_T1_L0_bin_9 — 050 0.99+0.03 gamma_dmvadiboson_150-250ptv_DSR J2 TTypebb L0_bin 9 <+ 050 1.00%0.02
1
gamm_dmva_250+ptv.DSR 12 Typext Lo_in_0 —— 010 100%0.03  gyrymy dmuadbeson 15025050058 2 Tpent T140 bin 0 { 070 1002001
220
gamma_dmva_250+ptv_DSR J2_TTypext_LO_bin_1 —*r 0.98+0.02 gamma_dmuadiboson 150-250ptv_DSR J2 Typent TLLO bin 1 4 040 1.00£001
110
gamma_dmva_250+ptv_DSR J2_TTypext_LO_bin_2 1 1.01£0.02 gamma_dmvadiboson 150-250ptv_DSR 2 Typent T1.L0_bin 10 le- 150 1014001
2
gamma_dmva_250+ptv_DSR J2_TTypext_L0_bin_3 —_— 020 1.00%0.03 gamma_dmvadiboson_150-250ptv_DSR J2_TTypent_T1.L0_bin_11 - 150 0.994001
gamma_dmva_250+ptv_DSR J2_TTypext_LO_bin_4 e 030 100003 gamma_dmvadiboson_150-250pt_DSR J2 Tlypent TL L0 bin 12 o 220 1.02%0.02
gamma_dmva_250+ptv_DSR J2_TTypext_L0_bin 5 —_— 040 1.01%0.05 ‘gamma_dmvadiboson_150-250ptv_DSR J2_TTypent_T1.L0_bin_13 - 030 1.00%£0.02
gamma_dmva_250+ptv_DSR_J2_TTypext_L0_bin_6 s 040 0.99+0.06 gamma_dmvadibosan_150-250p1v_DSR J2_TTypent T1.L0_bin 14 - 070 1.01+0.02
gamma_dmva_250+ptv_DSR J2_TTypext_LO_bin_7 - 110 0.98+0.08 ‘gamma_dmvadiboson_150-250ptv_OSR J2_TTypent T1.L0_bin 2 b 150 1.00%0.01
gamma_dmya_250+ptv_DSR J3_Typent_T1_LO_bin_0 - 010 100£0.02  gyms amuadiboson_150-250pty_DSR J2 Thypent T1_L0_bin3 lo 160 1.01£0.01
gamma_dmya_250+ptv_DSR J3 Typent_T1_LO_bin 1 - 020 100£0.02  gyms dmuadiboson_150-250pty_DSR J2 Thypent T1_L0_bin4 b 110 1.00£0.01
gamma_dmva_250+ptv_DSR J3_TTypent_T1_L0_| — 170 097x0.04 gamma_dmvadiboson_150-250ptv_DSR J2_TTypent TLLO_bin5 <+ <040 1.00£0.01
gamma_dmva_250+ptv_DSR J3_TTypent_T1_L0_| -T-— 1le  102x0.04 gamma_dmvadiboson_150-250ptv_DSR J2_TTypent TLLO_bin_6 1N 080 1.00%0.01
gamma_dmva_250+ptv_DSR J3_TTypent_T1_L0_| T 120 103x0.05 gamma_dmuadiboson_150-250ptv_0SR J2 Typent T1_LO bin 7 4 050 1.00%0.01
gamma_dmva_250+ptv_DSR J3_TTypent_T1_L0_| I 019 1.00+0.06 ‘gamma_dmvadiboson_150-250pty_DSR J2_TTypent T1_LO_bin_& 4 030 1.00%0.01
gamma_dmva_250-+ptv_DSR J3_TTypent_T1 L0t e 040 0.99+0.07 ‘gamma_dmvadiboson_150-250ptv_DSR J2 Tlypent T1.L0_bin & <+ 070 1.00£0.01
0.8 0.9 1.0 11 12 0.8 0.9 1.0 11 12
14 14

Figure 79: MC modelling nuisance parameter pulls and the free parameter scale factors com-

paring VH (blue) or VZ (green) fit.
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VH and VZ Fit Pull Comparison

DatafFit_unconditional_mul

Parameter ® VHAit

#  Blinded NP o vzt
G LO_07 os 0.9 1.1 1.2 Signif
Gamm_dmadiboson_150-2505k DSR J2_Thypext L0_bin 0 0.80
Gamma_dmadiboson 150-250pt DSR J2_Thypest L0_bin 1 -0.00
gamma_dmyadisoson_150-250pty_DSRJ2_TTypext L. bin 10 0.40
gamma_dmyadiboson_150-250ptv_DSR J2_TTypext L bin 11 100
gamma_dmyadivoson_150-250ptv_DSR J2_TTypext Lo_bin 12 010
gamma_dmyadiboson_150-250ptv_DSR J2_TTypext Lo_bin 13 030
gamma_dmyadiboson_150-250ptv_DSR J2_TTypext Lo_bin 14 060
Gamma_dmadiboson 150-250pt DSR J2_Thpext 0_bin 2 190
Gamma_dmadiboson 1502505t DSR J2_Thpest L0_bin 3 180
Gamma_dmuadiboson 150-250pk DSR J2_TTpes L0_bin 4 100
Gamma_dmadiboson 150-250pk DSR J2_TIpext L0_bin5 020
Gamma_dmuadiboson 1502505k DSR J2_THpext L0_bin 6 050

gamma_dmuadiboson_150-250pt_DSR J2_ TTypext L0_bin 7

gamma_dmuadiboson_150-250pt_DSR J2 TTypext L0_bin 8

gamma_dmvadiboson_150-250pt_DSR J2 TTypext L0_bin 9

gamma_dmvadiboson_ 150-250pt_DSR J3 TTypebb, L0_bin 0

gamma_dmvadiboson 150-250pt_DSR J3 TTypebb,L0_bin 1

‘gamma_amuadiboson_150-250ptv_DSR J3 TTypebb_L0_bin 10

‘gamma_dmvadiboson 150-250ptv_DSR J3 TTypebb_L0_bin 11

‘gamma_dmvadiboson 150-250pty_DSR J3 TTypebb L0 bin 12

‘gamma_dmvadiboson 150-250pty_DSR J3 TTypebb_L0_bin 13

‘gamma_amvadiboson 150-250pty_DSR J3 TTypebb_L0_bin 14

gamma_dmvadiboson_ 150-250pt_DSR J3 TTypebb, L0_bin 2

gamma_dmvadiboson_ 150-250pty_DSR J3 TTypebb,L0_bin 3

‘gamma_dmvadiboson_150-250pty_DSR J3_TTypebb,_L0_bin_t

‘gamma_dmvadiboson_150-250pty_DSR J3_TTypebb,L0_bin 5

gamma_dmvadiboson_150-250pty_DSR J3 TTypebb_L0_bin 6.

gamma_dmuadiboson_150-250ptv_DSR J3_TTypebb,_L0_bin 7

gamma_dmuadiboson_150-250pty_DSR J3_TTypebb,_L0_bin 8

gamma_dmvadiboson_150-250pty_DSR J3_TTypebb,_L0_bin 9

‘gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1.L0 bin 0

gamma_dmvadiboson_150-250ptv_DSR J3 TTypent T1L0 bin 1

gamma_dmvadiboson_150-250pt_DSR J3 TTypent T1.L0_bin 10

gamma_dmvadiboson_150-250pty_DSR J3 Tlypent T1_L0 bin 11

gamma_dmvadiboson_150-250pty_DSR J3 Tlypent T1_L0 bin 12

gamma_dmvadiboson_150-250pty_DSR J3 Tlypent T1_L0 bin 13

gamma_dmvadiboson_150-250pty_DSR J3 Tlypent T1_LO bin 14

gamma_dmvadiboson 150-250ptv_DSR J3 TTypent T1 L0 bin 2

gamma_dmvadiboson_150-250ptv_DSR J3 TTypent T1L0 bin 3

gamma_dmvadiboson_150-250ptv_DSR J3 TTypent T1L0 bin 4

gamma_dmvadiboson_150-250ptv_DSR J3 TTypent T1L0 bin 5

gamma_dmvadiboson_150-250ptv_DSR J3_ TTypent T1.L0 bin 6

gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1L0 bin 7

gamma_dmvardiboson_150-250ptv_DSR J3_TTypent T1L0 bin 8

‘gamma_dmvadiboson_150-250ptv_DSR J3_TTypent T1L0 bin 9

gamma_dmvadiboson_150-250pty_DSR J3 Tlypext L0_bin 0

gamma_dmvadiboson_150-250pty_DSR J3_Tiypext L0 bin 1

‘gamma_amvadiboson_150-250ptv_DSR J3 Tlypext L0 bin_ 10

‘gamma_amvadiboson_150-250pty_DSR 3 TTypext L0_bin 11

‘gamma_amvadiboson_150-250pty_DSR J3 Tiypext L0_bin 12

‘gamma_amvadiboson_150-250pty_DSR J3 Tiypext L0_bin 13
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Figure 80: MC modelling nuisance
paring VH (blue) or VZ (green) fit.

Values
1.01£0.01
1.00+0.01
0.99+0.04
0.98 +0.04
1.00+0.04
0.99 +0.06
0.99 +0.05
0.99%0.01
1.02%0.02
0.990.02
1.00%0.02
0.99%0.02
1.04%0.03
1.00%0.03
0.99+0.04
1.00 +0.00
1.00%0.01
1.00%0.01
1.00%0.02
0.99%0.02
0.990.02
1.01+0.03
1.00%0.01
1.00%0.01
1.00%0.01
1.00%0.01
1.00%0.01
0.99+0.01
1.00+0.01
1.00%0.01
1.01+0.01
1.00%0.01
1.00%0.02
1.00%0.02
1.01%0.02
0.98£0.02
0.97%0.03
0.99+0.01
0.99+0.01
0.99%0.01
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Figure 81: MC modelling nuisance parameter pulls and the free parameter scale factors com-
paring VH (blue) or VZ (green) fit.

340



	中文摘要
	ABSTRACT
	Contents
	Personal Contribution
	Chapter 1 Introduction
	Chapter 2 Theoretical Background
	2.1 The Standard Model
	2.1.1 Particles and Interactions
	2.1.2 Strong Interactions
	2.1.3 Electroweak Interaction
	2.1.4 The Higgs Mechanism

	2.2 Higgs Phenomenology at LHC
	2.2.1 Production of Higgs at LHC
	2.2.2 Decay of Higgs
	2.2.3 Di-Higgs Production

	2.3 Beyond the Standard Model
	2.3.1 Two Higgs doublet Model
	2.3.2 MSSM
	2.3.3 Effective Field Theory


	Chapter 3 The ATLAS Experiment
	3.1 Large Hadron Collider
	3.2 The ATLAS Experiments
	3.2.1 Inner Detector
	3.2.2 Calorimeters
	3.2.3 Muon Spectrometer
	3.2.4 Trigger and Data Acquisition
	3.2.5 Upgrade of ATLAS

	3.3 Object Reconstruction
	3.3.1 Detector-level Objects
	3.3.2 Electrons
	3.3.3 Photons
	3.3.4 Muons
	3.3.5 Jets
	3.3.6 Taus
	3.3.7 Missing Energy Transverse

	3.4 Flavor Tagging
	3.4.1 Signatures of Jets
	3.4.2 Flavor Tagging Algorithm
	3.4.3 Flavor Tagging Calibration


	Chapter 4 Simultaneous Measurements of Higgs to charm and to bottom Yukawa Coupling
	4.1 Introduction
	4.2 Data and Simulated Samples
	4.2.1 Data
	4.2.2 Simulated Sample

	4.3 Flavor Tagging
	4.3.1 Flavor Tagging in Resolved Regimes
	4.3.2 Flavor Tagging in Boosted Regime

	4.4 Event Selection
	4.4.1 Trigger Selection
	4.4.2 Object Selection
	4.4.3 Vector boson Selection
	4.4.4 Higgs Candidate Selection
	4.4.5 Multi-jet Suppression Cut

	4.5 Event Categorization
	4.5.1 Resolved VH(bb,cc)
	4.5.2 Boosted VH(bb)
	4.5.3 Truth Tagging

	4.6 Higgs Candidate Jet Corrections
	4.6.1 Muon-in-jet Correction
	4.6.2 PtReco Correction
	4.6.3 Kinematic Fit
	4.6.4 FSR Recovery
	4.6.5 Corrections Application
	4.6.6 Performance of the jet correction

	4.7 Multi-Variate Analysis
	4.7.1 MVA Training Regions
	4.7.2 MVA Input Variables
	4.7.3 Training Setup
	4.7.4 Output transformation

	4.8 Statistical description
	4.8.1 Likelihood Function Definition
	4.8.2 Fit Model
	4.8.3 Systematic Uncertainties
	4.8.4 V+jets pTV shape uncertainties study

	4.9 Results
	4.9.1 VH(bb,cc) Combined Fit Results
	4.9.2 Dibosn cross-check Fit Results
	4.9.3 STXS Fit Results
	4.9.4 Kappa Interpretation

	4.10 Conclusion

	Chapter 5 Searches for BSM with Combined Measurements
	5.1 Introduction
	5.2 Interpretation of Higgs Combination
	5.2.1 Input Measurements
	5.2.2 EFT Interpretation
	5.2.3 BSM Interpretation

	5.3 Interpretation of Di-Higgs Combination
	5.3.1 Input Measurements
	5.3.2 BSM Interpretation

	5.4 Top-quark EFT Study using Electroweak Precision Measurements
	5.4.1 Theoretical Setup
	5.4.2 Input Measurements
	5.4.3 EFT Interpretation
	5.4.4 Future Collider Projection

	5.5 Conclusion

	Chapter 6 Conclusion and Outlook
	References
	Publications
	Acknowledgement
	High voltage connections optimization for HGTD modules
	Introduction
	High Granularity Timing Detector
	Front End ASIC

	Timewalk Correction and High Voltage effect
	Test Procedures
	Test System
	Timewalk test
	High Voltage wires removal

	Test Results
	Voltage Preamplifier
	TZ Preamplifier

	Conclusion

	VH(bb,cc) Analysis Detail
	Kinematic Fit Transfer function
	VH(bb,cc) Post-fit Distribution
	Resolved 0-lepton channel
	Resolved 1-lepton channel
	Resolved 2-lepton channel
	Boosted VH(bb)

	Experimental Uncertainties
	Modelling Nuisance Parameters
	VH and VZ Fit Pull Comparison


