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Introduction

What constitutes the universe, and how does it work? This profound inquiry has
existed throughout human history, spanning diverse cultures and civilizations, and
has propelled an extraordinary voyage toward a growing knowledge of the funda-
mental laws of Nature. An important milestone in the current theory, given by the
Standard Model of Particle Physics, is the discovery of the Higgs boson in 2012 by
the ATLAS [1] and CMS collaborations [2]. The presence of the Higgs boson ex-
plains the origin of the mass of other fundamental particles in the Standard Model.
Nevertheless, even as the Standard Model stands as one of the most remarkable
high-precision prediction models, it has limitations and leaves important phenom-
ena unexplained, such as the matter-antimatter asymmetry in the universe and the
nature of dark matter, still leaving many questions unanswered. Thus, it is impera-
tive to continue scrutinizing Nature at the most fundamental scale experimentally.

The Large Hadron Collider (LHC) at CERN is the world’s largest and most powerful
particle collider. It allows the study of the fundamental constituents of Nature in a
highly controlled environment. It covers the search for new particles that may be
produced in high-energy collisions and precision measurements of the properties
of known Standard Model particles. The large center-of-mass energy of the LHC,
corresponding to 13 TeV, allows to test the Standard Model at the highest energies
ever achieved in a laboratory.

The Standard Model is widely regarded as an approximation to a fundamental
theory. While the fundamental theory operating at scales smaller than those de-
scribed by the Standard Model remains unknown, it can be systematically exam-
ined within an Effective Field Theory (EFT) framework. An EFT approximates the
fundamental theory in terms of known particles and symmetries, able to capture
signatures arising from the fundamental theory.

While direct searches of new physics at high-energy colliders are potent in uncov-
ering signatures of specific extensions to the Standard Model, it relies on specific
hypotheses on the properties of the unknown fundamental theory. An EFT, on the
other hand, provides a prescription that is agnostic to the specific type of new par-
ticles that extend the Standard Model and serves as a basis for capturing potential
signatures of a wide range of fundamental theories.

(8)
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Chapter 1. Introduction

The data collected between 2015-2018 by ATLAS experiment during Run-2 of the
LHC corresponding to an integrated luminosity of 139 fb—! at a center-of-mass
energy of 13 TeV provides a unique opportunity to test the Standard Model in
unexplored kinematic regions. This large dataset enables precision measurements
that are crucial to test the Standard Model within the EFT framework.

This thesis presents novel interpretations of the data collected by the ATLAS exper-
iment in the context of the Standard Model Effective Field Theory (SMEFT) [3].
In SMEFT, many parameters are introduced to describe the effects of new physics
that result in modifications to the total cross-sections and the shape of kinematic
distributions. Due to the large number of parameters in SMEFT, in order to ex-
tract meaningful constraints, a dedicated sensitivity study is required to identify
the subset of SMEFT parameters measurable with current experimental sensitivity.
The kinematic properties of the production of Higgs boson are measured within
the Simplified Template cross-section (STXS) framework. The interpretation of the
combined Higgs boson STXS measurements from the H — yy, H — ZZ* — 41,
and VH, H — bb channels provided a first opportunity to constrain the Higgs sec-
tor of the SMEFT. The SMEFT interpretation of the Higgs boson measurements is
expanded with additional leading Higgs boson decay channels, including H — Tt
and H - WW* — lvlv and as well as rare Higgs boson decay channels such as
H— ptp~ and H — Zy.

The SMEFT is a framework that incorporates beyond the Standard Model effects
consistently in measurements from other physics sectors across different experi-
ments. Thus, a global approach is beneficial to obtain a comprehensive picture
of SMEFT. The unified SMEFT model for Higgs boson production in the H —
WW#* — 1vlv channel and electroweak production of a pair of W bosons sets the
stage for a coherent joint interpretation of the Higgs and the electroweak sector.
The SMEFT interpretation of combined Higgs boson measurements with the elec-
troweak sector measurements from ATLAS and LEP/SLD demonstrates the utility
of SMEFT as a global framework for uncovering deviations across different physics
sectors within an experiment. Finally, SMEFT serves as an interface to specific UV-
complete theories by mapping SMEFT to specific theories, known as matching. The
accuracy of SMEFT is examined in the context of matching its predictions to that
of the Two Higgs Doublet model.

1.1 Outline of the thesis and personal contributions

Chapter 2 describes the theory of the Standard Model and discusses its limitations.
The Effective Field theory formalism is described, and an overview of the Higgs
boson production mechanism and decay channels is discussed.



1.1 Outline of the thesis and personal contributions

Chapter 3 introduces the LHC and the ATLAS experiment. A study based on using
strain gauges to characterize the mechanical behavior of the structure for the AT-
LAS Inner tracker upgrade is also presented. I designed and tested the apparatus
used to perform strain measurements and used it to characterize the build-up of
strain when the structure is cooled.

Chapter 4 outlines the algorithms used by the ATLAS collaboration to reconstruct
physics objects from raw detector information.

Chapter 5 provides an overview of the statistical modeling of data collected by the
ATLAS collaboration to perform statistical inference on physics theories. The ob-
servable modeling in SMEFT is also described. Additionally, a nuisance parameter
pruning algorithm is described. I devised and implemented the pruning technique
to reduce the number of nuisance parameters involved in statistical profiling, al-
lowing to speed up computationally expensive fits. The chapter also presents the
Effective Lagrangian morphing method. I was responsible for implementing, docu-
menting, and providing tutorials on the RooLagrangianMorphFunc class within the
RooFit package in the ROOT software. [ was a co-author of the class description in
that is provided in [4].

Chapter 6 explains the SMEFT interpretation of the STXS measurements of three
Higgs boson decay channels of H — vy, H — 41, and VH, H — bb. I collaborated
with two analyzers for this effort, and it is the first combined SMEFT interpretation
performed by the ATLAS collaboration. I prepared the SMEFT prediction for the
gluon-gluon fusion Higgs boson production mode. I validated the derivation of
the parametrization and the sensitivity study that identifies sensitive directions in
SMEFT. I was responsible for preparing the statistical model that combined the
three analyses. I also performed the fits to obtain the profile likelihood scans for
the linear and linear+quadratic models. The results are published in [5].

Chapter 7 presents the SMEFT interpretation of the ATLAS Run-2 combined Higgs
boson measurements consisting of measurements of Higgs boson kinematic prop-
erties from all the main decay channels including H - WW* — lvlv and H —
1~ and also the inclusive signal strength of rare decay channels such as H — uu
and H — Zy. It is the most comprehensive study of SMEFT in the Higgs sector by
the ATLAS collaboration. As one of two analysis contacts, I led a team of ten ana-
lyzers towards achieving the results published in [6].

Chapter 8 describes the SMEFT interpretation of the inclusive production cross-
section of ggF and VBF measured in H - WW* — lvlv, probing the Higgs sector
alongside the measurement of WW production probing the electroweak sector.
This effort, published in [7], is the first step in the ATLAS collaboration towards
combining measurements from different physics sectors. I worked with two analyz-
ers and was responsible for preparing the combined statistical model, sensitivity

(1)
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Chapter 1. Introduction

study, and performed the statistical inference to constrain the sensitive parame-
ters.

Chapter 9 presents the SMEFT interpretation of the combined Higgs boson and
electroweak measurements based on ATLAS data with Electroweak precision ob-
servables (EWPO) measured at LEP and SLD. I was the main analyzer and collab-
orated with seven analyzers. I was responsible for executing the statistical models,
the sensitivity study, and obtaining the statistical constraints for the ATLAS-only
and ATLAS+EWPO scenarios. It is the first global combination by the ATLAS col-
laboration and is published in [8].

Chapter 10 presents the SMEFT matching to the Two Higgs Doublet Model. I col-
laborated with an analyzer to obtain the first SMEFT matching result prepared by
the ATLAS collaboration. The results are published in [6].

Chapter 11 provides the conclusions and the outlook of the thesis.



Theory of the Standard Model and
Beyond

The Standard Model of particle physics - The Standard Model, in short - is the
theory that describes Nature at the smallest distances and correspondingly at the
highest energies. It provides a consistent description of three out of the four fun-
damental forces - electromagnetic, weak, and strong - except gravity which is de-
scribed by General Relativity [9]. In this chapter, the theoretical framework of the
Standard Model is outlined, followed by a discussion of the limitations of the Stan-
dard Model, which indicates the existence of a more fundamental theory beyond
the Standard Model. The Standard Model Effective Field Theory is then introduced
as a framework to parametrize the effects of physics beyond the Standard Model.
Finally, the phenomenology of the Higgs boson production and decay at the Large
Hadron Collider is discussed.

2.1 The Standard Model

The Standard Model is a relativistic quantum field theory that describes the dy-
namics of its constituents and is determined by its particle content and symme-
tries - the Poincaré symmetry corresponding to space-time symmetry and three in-
ternal gauge symmetries corresponding to rotations within symmetry groups that
describe the three fundamental forces. A brief overview of the Standard Model is
presented in this section. For a detailed introduction to the Standard Model, the
reader is referred to [10-13] for well-known textbooks on the topic.

2.1.1 Particle Content

The constituents of the Standard Model correspond to particles with unique quan-
tum numbers and charges, as illustrated in Figure 2.1. All particles can be classified
based on their quantum numbers and charge within the Standard Model. Quan-
tum numbers, which include properties such as electric charge, spin, and flavor,
serve as fundamental attributes defining the distinct identities of particles within
the Standard Model.
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First, there are spin-1/2 fermions, which can be further divided into two cate-
gories: quarks and leptons. Quarks are distinctive for being charged under the
strong nuclear force, while leptons do not experience the strong nuclear force. It
is important to note that the precise nature of neutrinos, a subset of leptons, re-
mains an open question. Neutrinos are under investigation to determine if they
are Dirac fermions [14] or Majorana fermions [15]. The remaining fermions in
the Standard Model are classified as Dirac fermions.

Leptons and quarks occur in three generations, where the different generations
behave identically under the strong and the electromagnetic force. They differ in
their masses and the interaction strength of mass eigenstates under the weak force.
On the other hand, the bosonic content of the Standard Model consists of spin-1
gauge bosons, which act as carriers of the fundamental forces, and the spin-0 Higgs
boson. The spin-1 gauge bosons are the photon, the gluon, the W+ and Z bosons
and mediate the interactions between the fermions. The Higgs boson is a spin-0
particle that is responsible for the mass of Standard Model particles through the
electroweak symmetry breaking mechanism (EWSB) as described in Section 2.1.7.

2.1.2 Symmetries

The Standard Model is a Yang-Mills gauge theory [17] based on the gauge group
SU(3)c x SU(2)r x U(1)y where SU(3)¢ is the symmetry group of the strong in-
teraction, SU(2)y is the symmetry group of the weak interaction, and U(1)y is the
symmetry group of the hypercharge. These symmetries lead to the conservation
of electric, weak isospin, and color charge, respectively, following Noether’s the-
orem [18]. For a gauge theory, the corresponding gauge bosons are spin-1 fields
with the field strength tensor

Fo, =0,AS — 0 Al — gf*PCARAS, 2.1

where A[; denotes the gauge field component indexed with a, g is the coupling
strength, and f¢P¢ are the structure constants of the gauge group given by the
commutative relations of the gauge group generators

[tq, tp] = if9PCt,, 2.2)

where t; are the generators of the gauge group. The corresponding Lagrangian of
the different interactions are described in the following sections.

ObB
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Figure 2.1: Overview of the contents of the Standard Model grouped by fermions and
bosons. Taken from [16].
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2.1.3 Quantum Electrodynamics

Quantum Electrodynamics (QED) [19-21] is the relativistic quantum field theory
that describes the electromagnetic interaction of light with matter. The theory is
based on the U(1) gauge symmetry, which requires a massless vector field A, con-
sistent with the photon field. The photon field couples with fermions with a cou-
pling strength that is characterized by their electric charge. The QED Lagrangian
can be written out as the sum of the free photon term, the free fermion term, and
the interaction term between the fermions and the photon. The QED Lagrangian
is written as

LqQeDp = —%F’Wﬂw + ) Vp (Y*0u —me) by — qrdpyHieA,, (2.3)

f

where the sum over f runs over all the electrically charged fermions with mass my
and electric charge q¢. Py is the Dirac spinor and the electromagnetic tensor F,
is given by 9, Ay — 0vA,. The structure constant described in Equations 2.1-2.2
vanishes as the U(1) gauge group is commutative. The QED Lagrangian in Equa-
tion 2.3 can further be simplified by introducing the QED gauge covariant deriva-
tive, D, = 9,, —1iq¢Ay, which describes the kinetic term of the fermion that is

invariant under the U(1) transformation. The QED Lagrangian from Equation 2.3
can be expressed in the contracted form as

1 - .,
LQED = —ZFHVFHV +Zlbf (l'VuDu_mf)lbﬂ (2.4)
f

2.1.4 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [22, 23] is the quantum field theory that de-
scribes the strong nuclear force responsible for the interaction between quarks
and gluons, providing a fundamental description of the interactions of hadrons.
Hadrons are composite particles that are bound states of quarks. The QCD charge
is denoted as color, and each quark carries one of the three colors (red, blue,
green), whereas antiquark carries one of the three colors (antired, antiblue, anti-
green). All three colors mixed, or any of these colors and its complement, is col-
orless and has a net color charge of zero. Only hadrons without color are found
in Nature and belong to a color singlet; this is known as color confinement. The
SU(3) gauge group satisfies these requirements and is the symmetry group of QCD.
The gluon fields that correspond to the generators of the symmetry group are
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given by A;/2 where A;,i = {1-8} denote the eight Gell-Mann matrices. The QCD
Lagrangian is expressed as

Locp ——fG’WGOl +ZZlbq (w”D” m 6”)1]) , (2.5)

where the summation q runs over the six quark flavors from Figure 2.1 with mass
mq and the Dirac spinor lb'}] for each color, whereas the summations 1,j run over
the color indices from 1 to 3. The chromomagnetic tensor G4 " is given according
to Equation 2.1 as

GHY =0HGy —dVGH — g, f P GLGY, (2.6)
2
where g or equivalently o = 2— is the strong coupling constant, f*P¢ are the

structure constants of SU(3) and G} correspond to the gluon fields with the color
gauge index a.

2.1.4.1 Asymptotic Freedom

Quarks interact strongly at low energies, leading to the confinement of quarks and
gluons within composite hadrons that can be modeled only using non-perturbative
techniques, such as lattice QCD. Although gluons are massless, the confinement
property of QCD ensures that QCD is a short-range force. The strong force in the
non-perturbative domain can be modeled by performing lattice QCD calculations,
wherein the space-time continuum is discretized into a finite number of points
where solutions to the QCD equations are computed. Lattice QCD has proved to
be an essential tool for making QCD predictions: the coupling constant can be
estimated, the masses of the quarks can be extracted, and the mass spectrum of
most hadrons can be predicted.

The strong interaction also exhibits asymptotic freedom, which means that at
higher energies, quarks interact weakly, subsequently allowing the system to be
solved with perturbative methods. Thus, the strong force is characterized by a
running coupling constant, which becomes small at high energies as shown in as
shown in Figure 2.2.

In the framework of perturbative QCD, the strong coupling constant o is a func-
tion of the energy scale, satisfies the renormalization group equation (RGE),

2 docs
du?

v :B(ocs):f(booc§+b1oc§+bzoc§+...), 2.7)

where the b; corresponding to (i+1)-th loop contribution to the § function. The
negative sign in Equation 2.7 is the origin of asymptotic freedom by ensuring that
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Figure 2.2: Running of the strong coupling constant s as summarized in [24].

the strong coupling becomes weak for a higher energy scale. Considering the first-
loop correction as an approximation, the running coupling constant at an energy
scale Q2 is written as

Ks (HZ)

5 .
1+ S (1IN — 2N4) In(Q2/u?)

as(Q?) = (2.8)

where N is the number of colors, N is the number of quark flavors, s (u?) is the
strong coupling constant at scale 2. Given that 1IN > 2Ny, the strength of the
strong interaction decreases at high energies, as seen in Figure 2.2, reflecting the
asymptotic freedom property of QCD. The above equation can also be re-written
in terms of a parameter Agcp as follows

121 1
o] : 2.9
(1TNe = 2N¢) In(Q2/Ag cp) " ((In(QZ//\%QCD)V) @9

«(Q?) =

where Agcp corresponds to the scale at which the perturbative expansion di-
verges. Its value indicates the energy range in which non-perturbative effects
start to dominate. The value of Aqcp depends on the renormalization scheme.

o
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For N¢ = 6, Agcp in the modified minimal subtraction MS scheme is (89 +
6) MeV [25], where MS-scheme [26] is the most widely used renormalization
scheme in QCD.

2.1.5 QCD for proton-proton collisions

QCD plays an important role for proton-proton collisions and is essential for differ-
ent aspects for obtaining predictions for the cross-section of the physics processes.
The following section discusses the factorization in proton-proton collisions and
the parton distribution functions, which are essential ingredients in obtaining pre-
dictions of processes.

Factorization in proton-proton interactions

The Large Hadron Collider (LHC) does not collide free quarks but collides pro-
tons that are composite particles composed of three valence quarks (uud), gluons,
and sea quarks (qq pairs). Each of these constituents carries a fraction of the
proton’s total momentum, denoted as x;. As mentioned in the previous section,
the internal structure of hadrons is characterized by the confinement scale Aqcp.
This scale marks the point at which the strong coupling constant in perturbative
QCD would diverge and is dominated by non-perturbative QCD effects. In con-
trast, hard-scatter processes typically occur at high energies above the QCD scale
and can be computed using perturbative QCD.

The factorization theorem [27] plays a crucial role in describing the cross-section
of a general hadron-hadron process, denoted as h; +h, — f. According to this the-
orem, the cross-section can be expressed as the convolution of a non-perturbative
but universal parton distribution function (PDF) denoted as f;  (xi, Q?) where
Q? is the squared energy scale. This function describes the probability of finding
a parton of type i with a longitudinal momentum fraction x; within a hadron h at
a specific energy scale Q.

The cross-section of a general hadron-hadron process, hy +h, — f, is determined
by the partonic cross-section of the hard-scatter process, denoted as 6 j_, ¢, which
is calculated perturbatively for partons 1,j, and its convolution with the PDFs of
the colliding partons. The cross-section of the general hadron-hadron process can
be expressed as:

Ohy+hyf &~ Z Jdm dxafi /n, (X1, BE)Fj /n, (X2, BE) G- (2.10)

i,j

(8)
ounb

o
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Chapter 2. Theory of the Standard Model and Beyond

The factorization scale, denoted as p, is introduced as part of the regularization
of infrared (IR) effects in the integral. The factorization scale serves to distinguish
between the effects of high-energy and low-energy processes.

Parton distribution functions

Ay 1

NNPDF3.1 (NNLO) ]
xf(xu2=10 GeV?) ]

g/10

0.9

R xf(x,u2=10* Gevz)’;
0.8F :
0.7}
0.6f
0.5f
0.4f

0.3

107 102 10™ 1

Figure 2.3: Parton distribution functions of the different components of the proton provided
by the NNPDF collaboration. The distributions are shown as a function of the
momentum fraction x for two scales pZ. The x-dependence is obtained from
a combined fit to data, and the scale dependence is calculated using DGLAP
evolution. Taken from [28].

PDFs are not a priori calculable in QCD. However, they can be measured at an
arbitrary scale p in well-understood processes, such as deep inelastic scattering
(DIS) [29], Drell-Yan [30] and pp — jets [31], and, owing to their universality,
extrapolated to other scales as a function of the factorization scale. The renormal-
ization group equation is given by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equation [32-34],

F dug - 2n

df; (X.' p.z) o ( 2) 1 dx: .
2 Y /h M, BE s(UF i X ,
" ZJ iji*i (x:> f/m (x5, ), (2.11)

Xi

where P;,_; describes the splitting of parton j into parton i in the collinear limit.
Figure 2.3 shows the RGE evolution of the NNPDF3.1 PDFs set [28] as a function
of the partonic momentum for the first two generation quarks and the gluon for a
factorization scale of 3.16 GeV and 100 GeV.

(1)
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2.1 The Standard Model 13

2.1.6 Electroweak Theory

The electroweak theory of the Standard Model [35-37] provides an unified de-
scription of the electromagnetic force with the weak nuclear force. The weak nu-
clear force is, among others, responsible for 3-decays and neutrino interactions.
The electroweak theory is based on the SU(2) x U(1)y gauge symmetry proposed
by Glashow, Weinberg, and Salam, which unifies electromagnetism with weak in-
teraction described by the V-A theory proposed by Marshak and Sudarshan [38].

The generators of SU(2); and U(1)y are the weak isospin (labeled T) and weak
hypercharge (labeled Y) respectively. The generators of the gauge groups give
rise to the gauge field that mediates the electroweak interactions — the three W
fields of weak isospin (W7, W5, and W3) and the B field of weak hypercharge.
The kinetic term of the gauge bosons is expressed in terms of their field strength
tensor according to Equation 2.1 as

Lew = —1W’“’W‘1 — lB’“’B (2.12)

,gauge 4''a Wy T g wvs

where the summation a runs over the three weak isospin indices. It is convenient
to introduce the left-handed and right-handed projection operators, Py and Pg, to
discuss the weak interaction. The projection operators split the Dirac spinor into
left-handed and right-handed chiral components as

wzwLwR:PLwPRw:%(1—v5)¢+%(1+y5)¢. (2.13)

The left- and right-handed chiral components transform differently under the
SU(2); symmetry, where the left-handed components transform as doublets (T3 =
+1/2) and the right-handed components transform as singlets (T3 = 0). The ki-
netic term of the fermions in terms of the left- and right-handed components is
given by

LEW, fermion = ZQL,jW”DuQL,j +uR; iy Dyuur;

j (2.19)
+ER/]' iy"*D HdR,j + f]_,j iy"*D HLL,j +erj iy"*D WER s

Ou/ Y &—Q\{
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where j runs over the three generations of fermions. The notation for the fermions
and their electroweak quantum numbers are given in Table 2.1. The quarks are

denoted by
ac((2MH) e
dp SL br

UR = (UR, CR/tR)/ (2.16)
dr = (dR, sr,br), (2.17)

where the left-handed doublet is given by Q| and ug and dy represent the right-
handed singlet of up- and down-type quarks. The leptons are denoted by

LL:<< = >< "t >,<TL )) (2.18)
Vel VuL VL
eR = (eR/ HR/TR)/ (219)

where L; and £y are the left-handed doublet and the right-handed singlet fields.
The covariant derivative in Equation 2.14 is expressed as
- 91

Dy =0, — 15 TaWji —

i%zYBu. (2.20)
Here, g7 and g are the coupling strength of the SU(2) and U(1)y gauge groups
respectively. The T, are the components of the weak isospin and Y is the weak
hypercharge. The weak hypercharge is related to the electric charge Q by the Gell-

Mann-Nishijima relation [39, 40] given by
1
Q=T;+ EY' (2.21)
A hypothetical mass term for fermions of the form mipp = mi; pr + mprPpr
would mix components with different weak isospin and weak hypercharge and
would not conserve T3 and Y and can therefore not exist. Additionally, as seen

earlier for QED and QCD, the mass term for gauge bosons is forbidden since they
are not invariant under gauge transformations.

2.1.7 Electroweak Symmetry Breaking

The Brout-Englert-Higgs (BEH) mechanism [41-46], commonly referred to as the
Higgs mechanism, generates the mass of bosons and fermions by electroweak sym-

OuB



2.1 The Standard Model 15
Generation (i) Electrical Charge | Weak Isospin | Weak Hypercharge

1 2 3 Q T %
Ly | (er,ver) (ML, vur) (7L, VaL) (-1,0) (-1/2,1/2) (-1,-1
lr er HR TR -1 0 -2
Qr | (ur,dy)  (er,st)  (to,br) (2/3,-1/3) 1/2,-1/2) (1/3,1/3)
UR ur CR tr 2/3 0 4/3
dr dg SR br -1/3 0 -2/3

Table 2.1: Electric Charge (Q), third-component of the Weak Isospin (T3), and Weak Hy-
percharge (Y) for fermion fields. For quarks, the left-handed doublet is denoted
as Q and uy and dg denote the represent the right-handed singlet of up and
down type quarks. For fermions, L and £i denote the left-handed doublet and
the right-handed singlet fields, respectively. Right-handed neutrinos do not exist
in the Standard Model.

metry breaking (EWSB). It posits the existence of a scalar doublet - the Higgs field
denoted H with a non-zero vacuum expectation value. The scalar SU(2) doublet,
which is a complex scalar field with four degrees of freedom (hj, hy, h3, hy) can

be written as
H— ht _ ht1 +ih; .
hO hz +ihy

The most general renormalizable Lagrangian for the Higgs field is represented by

(2.22)

£ = (DyH)T (D*H) — w?HH + A (HTH)Z. (2.23)

V(H)

where the gauge covariant derivative in the first term is given by Equation 2.20.
The last two terms correspond to the Higgs potential V(H), which has two free
parameters 2 and A, which must be positive to ensure the potential is bounded
from below. These two conditions give the Higgs potential a Mexican-hat shape,
as shown in Figure 2.4.

The ground state of the Higgs potential is given by the minimum of the potential,
which is determined by the condition

2

OV(H) =0 = h? +h%+h?+h? = ”7 (2.24)
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Figure 2.4: Plot of the Higgs potential V(H) as a function of the Higgs field H.

The ground state of the Higgs potential is not unique and is chosen as

1 (o
(H) = 7 <V> (2.25)

where v = /2u? /A is the vacuum expectation value.

The Higgs field can be expanded around the ground state in terms of small devia-
tions in the field {67,0,,h, 04} as,

. e
H= L ( O Fi02 ) T (093 (2.26)
V2\v+h+ie,) V2 \v+h
where the Goldstone fields (6¢,05,603) are absorbed into an overall phase factor

that can be gauged away. The remaining excitation of the Higgs field is the physical
Higgs boson h.

wt H
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2.1 The Standard Model

2.1.7.1 Gauge boson masses

After the spontaneous symmetry breaking, the mass term for the gauge bosons
can be obtained from Equation 2.23 which requires the covariant derivative from
Equation 2.20

. 3) . . 1) (2
1 zau+1g1wfﬂ+lngu igq (WL)—lwl(L)) ( 0 )

DyH=——
T2 g (W W) 20, i W +igaB ) \vah
(2.27)
. 1 . 2
1 igi(v+h) (WEL ) —1W£L )> 2.28)

2V2 \ (v h) (20, —igr (WL +1g2By.))
Taking the Hermitian conjugate (DHH)T and inserting Equation 2.23 gives,

(DyH) (DRH) = (0,004 R) + g v+ 2gf WA +iwiZ) ) wiDr w2y

N —
—_

3
+o (R GWE — 2B (g W — g,BH).
(2.29)

o]

The mass terms for the gauge bosons are realized in the terms in (DHH)T(D HH),

which are quadratic in the gauge boson fields and can be obtained by expanding
Equation 2.29 which results in the following terms:

2 2

AY 1 2 v 3
T WIIWH L WD) T (g W — 0B (1 WM - g2BY).
(2.30)
The mass terms for the W(1) and W(2) bosons,
my = 91 (2.31)

2

are found to be identical and determined by the coupling constant of the SU(2)
gauge interaction g; and the vacuum expectation value of the Higgs field v. The
quadratic term in W(3) and B fields in Equation 2.30 are

V2

3
§(Q1Wﬁ ) g2BL) (g WBIH — g, BH) =

v (W& s,) g2 —gigy) (WE (2:32)
s (W By, ; L)
—-g192 95 B
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where the non-diagonal mass matrix is given by M.:
91  —9192
M = ! S (2.33)
—9192 92

The Z boson and the photon are the physical boson fields corresponding to the
mass eigenstates of Equation 2.32. The masses correspond to the eigenvalues (A)
obtained by det(M — AI) = 0, where det denotes the determinant and I is the
identity matrix, gives,

(93 —N)(g3—N—g3g3=0 = A=0 or A=g?+93 (2.34)

In the mass eigenstate basis, the mass terms in Equation 2.32 can be written in
terms of the mass eigenvectors as

v2 0 0 AM
- A, Z , (2.35)
R e et

(2.36)

where A, and Z,, are the physical fields corresponding to the photon and the Z
boson, respectively. The mass of the photon and the Z boson is as follows

ma =0
v (2.37)
mz = Ey/g%—l—g%.

The corresponding physical fields of the photon and the Z boson are a mixture of
the W(3) and B fields and are written as

Ay 1 g W 1B, sindyw W) + cosBy By,
= ) = 3) . (2.38)
Zy, V95 +95 \9Wi —gaBy cosOw W —sinbw By

The weak mixing angle 6y, in Equation 2.38 is defined as

cosBy, = EL _ tw (2.39)

Vei+aes T

and provides a measure of the relative strength of the SU(2); and U(1)y gauge
interactions.

(1)
Outbd



2.2 Open questions in the Standard Model

2.1.7.2 Fermion masses

As discussed earlier, a hypothetical fermion mass term mi\ does not respect the
SU(2)r x U(1)y gauge symmetry. Instead, the mass term corresponds to a Yukawa
interaction term with the Higgs (H) and the left- and right-handed components of
the fermion fields as

Lyukawa = — Z ()\}ftL,fHeR,f +AFQpHug £ + A Qp o2 Hdg ¢ + h-C~) ,
t
(2.40)

where A¢ is the Yukawa coupling strength and f runs over the fermion generations.
Unlike the hypothetical fermion mass term mynp, the Yukawa interaction term is
invariant under the SU(2); x U(1)y gauge symmetry. It gives rise to the fermion
masses after the spontaneous symmetry breaking. This can be seen by expanding
the Yukawa interaction term around the ground state of the Higgs potential H =

€ 0 as
V2 v+h

v — h —
Lyukawa = — <)\f1bf,lef,R + h'C~> - (?\fllﬁf,Lll)f,R + h.C-) :
2 M7 2 M7
(2.41)

The first term in the above equation is the mass term for the fermions and the
second term is the interaction term between the fermions and the Higgs boson.
The fermion mass term generated by the Higgs mechanism can be expressed in
terms of the Yukawa coupling strength A¢ and the vacuum expectation value of
the Higgs field v as

A
mp = % (2.42)

2.2 Open questions in the Standard Model

While the Standard Model of particle physics has been incredibly successful in
describing the behavior of fundamental particles and forces, it does have several
limitations and shortcomings. Some open questions in the Standard Model are
listed below.

* Gravity: The Standard Model does not incorporate the force of gravity into its
framework. Gravity is described by the General Theory of Relativity [9] and

attempts to unify gravity with the other forces have not yet been successful [47].
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e Dark Matter: The Standard Model does not account for dark matter, which has
been detected in astrophysical and cosmological observations [48-50]. From
these observations, dark matter is expected to interact gravitationally but not
with light, hence the name dark matter. The Standard Model does not provide
a candidate for dark matter.

* Dark Energy: Supernovae measurements have established that the universe is
expanding with an accelerating expansion [51, 52]. The accelerating expansion
is explained with the Standard Model of cosmology, the ACDM model, by an
unknown form of energy. The measured energy density causing the expansion
is many orders of magnitude smaller than those estimated by accounting for the
vacuum expectation value of the Standard Model [53].

* Neutrino Masses: While the Standard Model originally assumed that neutrinos
were massless, neutrino oscillation experiments [54, 55] prove that they do
have small but non-zero masses. This requires an extension of the Standard
Model known as the seesaw mechanism [56] to explain the origin of neutrino
masses.

* CP Violation and Matter-Antimatter Asymmetry: The Standard Model’s expla-
nation for the observed matter-antimatter asymmetry in the universe, known
as baryogenesis, is not sufficient to explain the observed imbalance in the uni-
verse [57].

* Hierarchy Problem: The Higgs boson’s mass is sensitive to quantum corrections
that are many orders of magnitude larger than its observed value, and involves
a delicate cancellation that is unnatural.

* Unification of Forces: While the Standard Model successfully unifies the elec-
tromagnetic and weak nuclear forces at high energies, it does not include the
strong nuclear force in this unification.

* Higgs boson: The Higgs boson is the only known scalar field in the Standard
Model. The Higgs mechanism assumed the Higgs field to be a double of complex
scalar fields. While this is the simplest choice, it is not the only possibility. For
instance, extensions of the Standard Model can include additional Higgs bosons.

Despite such shortcomings and open questions, the Standard Model has been in-
credibly successful in explaining and predicting a wide range of experimental re-
sults. However, addressing these open issues requires physics beyond the Stan-
dard Model and the development of theoretical extensions to overcome these chal-
lenges.



2.3 Effective field theory approach

2.3 Effective field theory approach

Many theoretical extensions of the Standard Model have been proposed to address
the shortcomings of the Standard Model. Typically, they introduce new particles
that might be produced at the LHC and can be searched in experimental data. As
seen from Figure 2.5, the current direct searches allow to search and exclude new
particles proposed in various New Physics models up to a mass scale of a few TeV.

There are two ways to search for new particles: model-driven and data-driven.
Given that there are many possible models in the model-driven approach, it is
demanding to search for all of them. In the model-driven approach, the search
for the resonant production of new particles with a distinct experimental signa-
ture as shown in Figure 2.5 - has largely been exhausted. A relatively unexplored
area is the search for non-resonant effects of new physics, which could manifest
themselves through a wide range of subtle deviations rather than a few localized
deviations. Looking for these subtle deviations that would consistently affect many
measurements requires a model-agnostic framework that can consistently capture
the effects across different measurements. This framework can then be used to
study the properties of possible new physics models and to guide the experimen-
tal searches for new physics.

An effective field theory (EFT) approach is a systematic and largely model-agnostic
approach to describe the effects of heavy new physics. An EFT results from the
Appelquist-Carrazone decoupling theorem [59], which ensures that the physics at
a given energy scale can be described by the relevant particles at that scale and
the heavier particles can be omitted up to corrections whose magnitude are of the
order of inverse powers of the heavy mass scale.

There are two distinct approaches to constructing an EFT. The first is the top-down
approach, where the high-energy theory is known and is reduced to a low-energy
EFT by integrating out the heavy degrees of freedom. A top-down EFT approach
simplifies the theory and obtains predictions for the low-energy observables. Some
examples of a top-down EFT are the Fermi theory of weak interactions [60], Soft
collinear Effective Theory (SCET) [61-65], and Heavy Quark Effective Theory
(HQET) [66].

The second approach is known as bottom-up, where the underlying fundamental
description at a heavy mass scale A is unknown. The EFT is constructed by con-
sidering all possible terms based on known fields that respect known symmetries.
In a similar matter, before the discovery of the weak bosons, Fermi theory was
the effective theory of the to-be-discovered fundamental electroweak theory. The
Standard Model contains information from its constituents up to the electroweak
scale. and does not contain any information about physics at a more fundamental
scale. Thus, the Standard Model is likely to be a low-energy approximation of a

Ono H Q\{
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 .\N dt = (3.6—139) fb! Vs =13TeV
Model Ly Jetst ET [ram] Limit Reference
—T T — T T — T T —
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AADD non-resonant yy 2y - 36.7 n=3HLZNLO 1707.04147
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ADD BH multiet - - 36 n=6Mp=3TeV, ot BH 151202586
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Axial-vector med. (Dirac DM) - 2j - 139 £=025, =1, m(x)=10TeV [ ATL-PHYS.PUB-2022.036
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*Only a selection of the available mass limits on new states or phenomena is shown.

‘Small-radius (large-radius) jets are denoted by the letter j (J).

new particles. Taken from [58].

Figure 2.5: Summary of the limits from the ATLAS experiment on the mass of new particles obtained from searches for direct production of
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more fundamental theory at a higher energy scale and needs to be studied within
an effective field framework to identify the effects of heavy new physics. A bottom-
up EFT can be constructed for the Standard Model to examine effects of physics at
a more unknown fundamental energy scale.

2.3.1 The Standard Model Effective Field Theory

The SM Lagrangian can be extended by considering a general Lagrangian con-
sisting of Standard Model terms and a series of higher-order terms suppressed
order-by-order by the scale of new physics. The energy scale of new physics A
should be much higher than the Higgs vacuum expectation value v. The extended
Lagrangian can be written as

1 1

_ T
Loy + —L£0@=9 4 p@d=6 (2.43)

A Clat LAY A2

where the first term does not contain any information of A. The additional terms
are suppressed by the energy scale of new physics, thus for energy scales far away
from A, the contribution of these additional terms are suppressed. The terms are
ordered by their energy dimensions d, and are suppressed by a factor A*~4, All
terms are constructed only using the SM fields, derivatives, and Pauli matrices. The
energy dimension of the SM fields and the derivative operator in four-dimensional
space-time are given by,

=, XI=2,[D] =1, (2.44)

where H denotes the Higgs doublet, 1\ is the fermion field, X denotes the field
tensor and D denotes the derivative. All possible terms allowed from known ex-
perimentally verified symmetries corresponding to the Poincaré symmetry and the
gauge symmetry SU(3)c x SU(2); x U(1)y are considered. Each term in Equa-
tion 2.43 is characterized by a set of Wilson operators {(‘)gd)} which are scaled by
couplings {c;}, known as the Wilson coefficients, and can be written as

L@ =3 [ Wold), (2.45)
i

These Wilson coefficients can be measured in experimental data to test for the pres-
ence of higher-dimensional operators. Operators with non-zero values of Wilson
coefficients are signs of new physics.

In the SMEFT, similar to the Standard Model, the Higgs field H is considered
as a doublet of SU(2)r, and the observed Higgs field is obtained from EWSB as
described earlier in Section 2.1.7. Alternatively, the Higgs Effective Field Theory

(8)
OQu
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(HEFT) allows for a more general Higgs field and instead uses a singlet scalar state
h with free couplings to the other SM states. While HEFT is more general in terms
of the realization of EWSB, SMEFT, which assumes the doublet structure for H, is
a good approximation for the Higgs boson couplings to the SM state. In this thesis,
all measurements are interpreted within SMEFT.

The leading correction to the Standard Model is at dimension-5, and there is
only one single-term at this order and is known as the Weinberg operator [67].
The Weinberg operator corresponds to the Majorana neutrino mass term and new
physics scale from this term corresponds to

\)2
A~ — =10"3GeV, (2.46)
my

where m, ~ 1 eV corresponds to the neutrino mass scale. This operator also vio-
lates lepton number and baryon number conservation.
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Figure 2.6: Number of independent operators (include baryon number violating operators)
in SMEFT from dimension 5 to 15. Points joined by the lower solid line are
for one fermion generation; those joined by the upper solid line are for three
generations. Dashed lines show the growth of the even and odd mass dimension
operators in both cases. Plot taken from [68].

The next leading contribution is the ensemble of dimension-6 terms. The scale
of new physics from operators that violate baryon and lepton numbers are con-
strained to 10'® GeV from proton decay experiments. There are 2499 operators
that preserve lepton and baryon numbers with no additional flavor consideration.
The next order of operators that preserve lepton and baryon is at dimension-8, all

M
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2.3 Effective field theory approach

operators with odd-numbered dimensions violate lepton or baryon numbers. The
total number of operators, including those that violate baryon number conserva-
tion, is shown in Figure 2.6.

To summarize, the core considerations for SMEFT are:

* QFT - The physics beyond the scale of the vacuum expectation value at much
higher energies can still be described by a local quantum field theory that re-
spects Poincaré symmetry. It allows making predictions for observables order-
by-order which can systematically be improved.

* Mass gap - The mass scale of the new physics A is much larger than the elec-
troweak scale A > v.

* Gauge symmetry - The SMEFT is based on the fact that the action is invariant
under the SU(3)¢c x SU(2)r x U(1)y gauge symmetry. If desired, an alternative
approach via HEFT, which imposes only SU(3)¢c x U(1)em and the generator of
SU(3)c x SU(2)p x U(1)y that do not belong in the SU(3)¢c x U(1)em group
are generated via a non-linear transformation of the scalar Goldstone bosons
eaten by the W and Z fields.

2.3.2 SMEFT operators at dimension-6

SMEFT operators capture the effect of new physics at the energy scale A and are
ordered by their energy dimension. The Warsaw basis [69] is a full set of indepen-
dent operators at dimension-5 and -6, with the latter the most interesting to con-
sider given that they are the first leading correction to lepton and baryon number
preserving processes. The different classes of operators that conserve lepton and
baryon numbers at dimension-6 are listed in Table 2.2 and their experimental rel-
evance are introduced in the following section. The discussion on the dimension-6
operators is based [3, 70-72] where operators are grouped based on their field
contents. The following notation (q,l,u,d,e) is used in SMEFT with

q= ut ,1: VL ,u:uR,d:dR,e:eR. (247)
d]_ eL

Here, q corresponds to the left-handed quark doublet, 1 corresponds to the left-
handed lepton doublet, u and d correspond to the right-handed up-type and down-
type quarks, and e corresponds to the right-handed charged leptons.

Boson self-interaction (X3, H®) - These operators correspond to the boson self-
interaction, and upon expanding give rise to interactions that contain three or
more bosons. The gluon self-interaction and its CP-odd counterpart are repre-
sented by the operators Og and Og, respectively. The operator corresponding
to the boson self-interaction of the electroweak boson is denoted by Oy and the

(8)
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Table 2.2: Baryon number-conserving L operators in the Warsaw basis [69]. Taken
from [70].
t

)

(8)
tu




2.3 Effective field theory approach

CP-odd counterpart by O The Higgs boson self-coupling operator is Oyy. The
Oy operator affects the minimum of the Higgs potential, written as

1 2
_ TH_ 242 T
V(H)=A (H H zv ) A2 (H H) . (2.48)

The minimum of the Higgs potential is

V2
3CHV 2
H'H 1 = 2.
(HTH) = — ( AT > v, (2.49)
where vt denotes the modified vacuum expectation value of the Higgs field in
SMEFT.

Higgs boson kinetic terms (H*D?) - There are two operators in this class that
are built using the Higgs field and the derivative operators. The operators affect
the kinetic term of the Higgs field. They result in an overall rescaling to the Higgs
field of the form h — (14 cp xin)h where h denotes the scalar Higgs field as
introduced in Equation 2.26. The shift cyy kin is

1
CHkin = CHO ~ 7CHDD- (2.50)

The operator O affects only the Higgs boson kinetic term and thus affects all
Higgs boson processes only via a constant rescaling. The operator Oypp affects
the Higgs boson kinetic term and the Z boson mass. The operator Oypp corre-
sponds to the T term in the Peskin-Takeuchi terms [73] that propose three terms
(S, T, U) to parametrize new physics contributions to electroweak radiative correc-
tions.

Higgs-gauge (X?H?) - These operators upon EWSB give rise to terms that are
corrections to the kinetic term of the gauge bosons. These corrections lead to an
overall rescaling of the kinetic term of the gauge bosons, i.e

2?2

2?2 T oa oy
CHB - ZWHVWG ] - ﬁCHW (251)

1
,Cgauge — _ZBLL‘VBHV (1 /\2

1 2v?
~lagar (1 2 cm;) (2.52)
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The operator Oy after EWSB introduces a kinetic mixing term between the B
and third-component of the W field, W(3) corresponding to

2
V- e 3
- ‘j\V;B Wi BHY, (2.53)

The operators Oy g, Onw, and Oy are fully absorbed into the definition of the
fields and gauge couplings and affect only the Higgs gauge couplings and leave the
pure gauge sector unaffected. The operator Oy g, on the other hand, modifies
all v and Z couplings. This operator corresponds to the S term from the Peskin-
Takeuchi terms.

Yukawa (p2H?3) - These operators after EWSB modify the fermion masses and the
Yukawa interaction with the Higgs boson. The fermion mass matrix in SMEFT is

Mylrs = % ([Yw}rs — %vz C“/}\Z‘) : (2.54)

The coupling to the Higgs boson is determined by the term yhi¢1¢r which
provides the coupling strength of the Yukawa interaction. The Yukawa coupling
matrix is expressed as

1.2 CPHgr
V2§ A2
The fermion couplings to the Higgs boson are not just proportional to the fermion
masses like in the SM but also depend on the Wilson coefficients.

[Ylp]rs = L

— [Mu)]rs (1+cH,kin) — (2.55)
VT

Higgs-gauge-fermions ((2H2D) - After EWSB, these operators introduce addi-
tional terms that modify the hhVff, hVff, and Vff couplings. These operators
introduce systematic modifications in the Higgs boson and the electroweak sector.

Dipole moment (2>XH) - The operators belonging to this group contribute pri-
marily to anomalous magnetic and electric dipole moments of fundamental parti-
cles.

Four-fermion (»*) - The four-fermion operators affect different possible quartets
of fermions. In addition to the large number of operators that are accessible based
on the underlying flavor symmetry, there are also different operators allowed de-
pending on the helicity of the fermion current.

OHD
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u(3)® topU3l top general

all cP all CcP all CcP all cP

x3 4 2 2 4 2 4 2

H° 1 - 1 - 1 - 1 -

H*D? 2 - 2 - 2 - 2 -
XZ2H? 8 4 8 4 8 4 8 4
P2H3 6 3 10 5 14 7 54 27
P2XH 16 8 28 14 36 18 144 72
P2H2D 9 1 15 2 21 2 81 30
(LL)(LL) 8 - 16 - 31 - 297 126
(RR)(RR) - 27 2 40 2 450 195
(LL)(RR) 8 - 31 4 54 4 648 288
(LR)(RL), (LR)(LR) | 14 7 40 20 64 32 810 405
| tot 85 25 182 53 [275 71 [ 2499 1149

Table 2.3: Number of independent real parameters in each class of baryon number conserv-
ing dimension-6 operators, for the U(3)°, topU31, top scheme. GP denotes the
number of CP-violating parameters and the number of operators without any fla-
vor assumptions is denoted as the general scheme. Taken from [70].

2.3.3 Flavor symmetry

From the 2499 operators that preserve baryon and lepton numbers at dimension-
6, many of the operators can be merged by invoking additional flavor symmetries.
These flavor symmetries reflect experimental considerations where it is not pos-
sible to distinguish the flavor of the underlying light quarks involved in the high-
energy process. The flavor symmetries can also help optimize sensitivity to specific
theories that match the corresponding flavor structure.

Some classes of operators, such as those in the classes - X3,H®, H*D2,X2H? -
corresponding to 15 parameters in total, are unaffected by flavor. Thus, most of the
operators in the SMEFT are sensitive to flavor-specific signatures of New Physics.

Under a flavor symmetry, operators do not distinguish certain flavors of particles.
As the most massive fundamental particle with O(1) Yukawa coupling, the top
quark is treated separately in many EFT flavor symmetry schemes. More discussion
on the flavor symmetry can be found in [70, 74]. The three flavor symmetries that
are considered in the interpretations performed in this thesis are

* U(3)5: This flavor symmetry corresponds to an unbroken global flavor symme-
try in the SM Lagrangian, valid in the limit where the Yukawa couplings are
small (Yu, d, e — 0). The symmetry group is given by U(3)4 x U(3), x U(3)q %

(8)r
Oquqd

29



30

Chapter 2. Theory of the Standard Model and Beyond

U(3)1 x U(3)e and introduces common operators affecting the up-type quarks,
down-type quarks, and leptons.

* topU3l: This flavor symmetry relaxes the assumption on the third quark gener-
ation, given that the top and bottom quarks are distinguishable experimentally
at high-energy experiments by their unique signatures. This symmetry scheme
is based on U(2)q x U(2) x U(2)gq x U(3)y x U(3)e and allows for separate
modeling of operators involving top-quarks and bottom-quarks.

* top: This is the least restrictive scheme of the three, where the symmetry on
the leptons is relaxed in addition to the dedicated operators for top and bottom
quarks. The symmetry group for the top scheme is based on U(2)q x U(2)y, x
U(2)q x U3)1 x U(3)e W(2)g x U(2)u x U(T)e x U(T) x U(1)x

The total number of real-valued components of Wilson coefficients in the three
symmetry scenarios for the different classes of operators are given in Table 2.3.

2.3.4 Global approach for SMEFT interpretation

Many operators affect multiple physics processes, and the measurement of any
given process may be affected by multiple operators. For instance, the interplay
of operators affecting Higgs, electroweak, and top measurements in Figure 2.7
shows a large overlap of operators between these physics sectors. Therefore, it is
essential to take a global approach by considering different physics measurements
and the effect of the relevant SMEFT operators. A global fit will allow to maximize
sensitivity to the SMEFT parameter space and look for patterns of deviation across
different measurements.

While most measurements are sensitive to many operators, individual measure-
ments can typically only constrain a few linear combinations of operators and the
others are degenerate. Combining measurements is thus essential to lifting these
degeneracies, and the considerations for measurements to enter such combina-
tions should thus not only take into account single-parameter sensitivities but also
their ability to decorrelate measured coefficients.

SMEFT also serves as a framework to interpret measurements performed at dif-
ferent energy scales. For instance, the measurements performed at the LHC can
be analyzed alongside low-energy precision measurements of electric dipole mo-
ment [76, 77], muon magnetic moment [78], and flavor physics [79, 80]. It is to
be noted that the EFT interpretations of measurements at lower energy scales are
typically performed within other effective field theory frameworks such as the Low-
Energy EFT (LEFT) corresponding to the Fermi theory of weak interactions [60].
Including the low-energy measurements in the global fit requires a dedicated treat-
ment of the LEFT operators in the SMEFT. The Wilson coefficients from the low-
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Figure 2.7: Schematic overview of interplay of affecting Higgs, electroweak, and top sec-
tor. EWPO denotes the electroweak precision observables, top EW denotes top
electroweak processes, and ttV denotes the production of top-anti-top quark
pair with vector bosons. The operators shown here consider a top-specific flavor
symmetry. is Taken from [75].
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energy scale of the LEFT need to be matched to operators at a higher-energy scale
in the SMEFT [81].

2.3.5 SMEFT matching to Ultraviolet-complete models

The main purpose of the SMEFT is to serve as a basis for capturing deviations
from the Standard Model to uncover signatures of possible new physics models.
The new physics signature can appear as a pattern of deviations across several
operators. The constraints obtained on operators in the SMEFT can be used to
probe the feasibility of new physics models, particularly those with heavy new
particle(s). The process of mapping the SMEFT to a specific physics theory at high
energy, the Ultraviolet-complete model, is known as UV matching. This procedure
begins with obtaining the matching relation, which involves integrating out the
heavy particle(s) in the new physics model Lagrangian and subsequently allows
to obtain the relationship of the UV model with the corresponding terms in the
SMEFT Lagrangian. Once the matching relations are available, the constraints on
the SMEFT operators can be used to constrain the model parameters of the new
physics theory.

Typically, specific new physics theories map to multiple SMEFT operators. In prac-
tice, the set of operators that map to a specific new physics theory cannot be mea-
sured in isolation. Their measurement is experimentally correlated with that of
many other SMEFT operators that are irrelevant to the new physics theory under
consideration but weaken the inference on the relevant parameters. The sensitiv-
ity to a specific new physics theory from a general SMEFT measurement is thus
weaker than that of a dedicated measurement. The sensitivity of a SMEFT mea-
surement to a specific theory could be enhanced by fixing all SMEFT operators
irrelevant to the theory to zero, albeit at the cost of a possible loss of general-
ity. In the following section, the two Higgs doublet model is introduced, and the
corresponding matching to the SMEFT is discussed in Chapter 10.

2.3.6 Two Higgs doublet models

In two-Higgs-doublet (2HDM) models, the SM Higgs sector with one doublet of
scalar complex fields @7 is extended by introducing a second doublet ®, [82-
84]. The models considered here assume CP conservation and a softly-broken Z,
discrete symmetry that forbids quartic terms of the scalar field potential V(®q, ©)
that contain odd powers of either ®; or ®,. The most general gauge-invariant
scalar Higgs potential, under the Paschos-Glashow-Weinberg condition [85, 86],
formed by the two doublets ®; and @, is given by:

ﬂ\% H Oun
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1 2
V (@, ®;) =m &l d; + mbold, - [m%zqﬂq)z + he } + 30 (@Ecpz)

Az (qﬂcm) (cp;@z) g (dﬂd)z) (®£®1> n F (qﬂcpz)z + he } )

2
(2.56)

with all m and A parameters real and related to the physical masses and mixing
angles of the Higgs bosons. The two doublets ®; and @, contain eight scalar fields
as follows:

1 oF 1 0
O, =— a with (®q) = — ,anda=1,2. (2.57)
¢ ﬂ<va+na+iXa> ¢ ﬁ<va>

Here, @, 1, and x correspond to the charged, pseudo-scalar, and scalar fields,
respectively. The eight degrees of freedom in Equation 2.57 contain three massless
Goldstone bosons, which become the longitudinal polarizations of the W+ and
Z bosons when under spontaneous symmetry breaking. The vacuum expectation
values vq » of the scalar doublets @4 , that minimize V are related by the sum
rule v% + v% = v2. These can be assumed to be real and non-negative without loss
of generality. Electroweak symmetry breaking leads to five physical scalar Higgs
fields: two neutral CP-even Higgs bosons h and H, one neutral CP-odd Higgs boson
A, and two charged Higgs bosons H*.

The observed Higgs boson is typically identified with the light CP-even neutral

scalar particle h. The Z, symmetry of the potential forbids tree-level flavor-changing

neutral currents [86, 87], and implies that all fermions with the same quantum
numbers couple to only one Higgs doublet. Depending on which Higgs doublets
couple to the three groups of elementary fermions (up- and down-type quarks,
and leptons), four types of 2HDM are defined:

* Type I: All fermions couple to the same Higgs doublet.

* Type II: One Higgs doublet couples to up-type quarks, while the other couples
to down-type quarks and charged leptons.

* Lepton-specific: One Higgs doublet couples to leptons while the other couples
to up- and down-type quarks.

* Flipped: One Higgs doublet couples to down-type quarks, while the other cou-
ples to up-type quarks and leptons.

The Higgs sector of these models contains seven free physical parameters: four
Higgs boson masses (mp, my, ma and my+), two mixing angles « and 3, and
the coefficient m%z of the (d);r O, + d)z(lh ) term in the Higgs field potential that

M
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softly breaks the Z, symmetry. The angle (3 is defined as tan 3 = X—f and can be
assumed to be in the first quadrant. The mixing angle « between the two neutral
CP-even Higgs states is defined modulo a phase equal to 7t. The values of « and 3
determine the couplings of the Higgs fields to the vector bosons and fermions. The
matching of the 2HDM to the SMEFT is discussed in Chapter 10.

2.4 Higgs boson production and decay modes at the
LHC

The Higgs boson couples directly to all massive particles of the SM as discussed
in 2.1.6. In the Standard Model, once the mass of the Higgs boson is determined, it
is possible to calculate cross-sections for all processes that involve the Higgs boson.
The total decay width of the Higgs boson in the Standard Model is predicted to be
'y =4.09+0.06 MeV [88], which is much smaller than the Higgs boson mass itself.
Therefore, the Narrow Width Approximation holds and the cross-section for any
process involving the Higgs boson, pp — H — X can be factorized separately into
a production cross-section o(pp — H) and a decay branching ratio BR(H — X) as

rX
o(pp — H — X) = o(pp — H) x BR(H = X) = o(pp — H) x rt(‘)jal. (2.58)
H

This section describes the various Higgs boson production and decay modes and
the specific SMEFT operators that affect these processes. The effect of SMEFT
operators ranges from affecting a single Higgs boson decaymode (e.g., the Yukawa
couplings) to all processes (Opno, Opp)- The section describes the operators
that are not globally affecting the Higgs boson production and decay modes but
are relevant to particular processes.

2.4.1 Higgs boson production modes

Multiple mechanisms exist at the Large Hadron Collider (LHC) to produce Higgs
bosons. The main production modes: gluon-gluon fusion (ggF), vector boson fu-
sion (VBF), associated production with a vector boson (VH), and production with
top-anti-top quark pairs (ttH) have all been discovered at the LHC. The rare pro-
duction mode where the Higgs boson is produced in associated production with a
top or anti-top quark (tH/tH) is being searched. The Standard Model cross-section
predictions for the different Higgs boson production modes for different center-of-
mass energies are shown in Figure 2.8. Figure 2.9 shows Feynman diagrams for
these processes.
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Figure 2.8: The dependence of the cross-section of Higgs boson production modes with
respect to the center-of-mass energy for proton-proton collisions (left) and the
branching ratio of Higgs boson as a function of the Higgs boson mass between
120 GeV to 130 GeV (right). Taken from [89].

2.4.1.1 Gluon-gluon fusion

The gluon-gluon fusion (ggF) mode is the dominant Higgs boson production mode
at high-energy proton-proton collisions, accounting for 87% of Higgs boson pro-
duction, despite the absence of a Lagrangian term in the SM that couples gluons
directly to the Higgs boson. In the SM, gluon-gluon fusion initiated Higgs boson
production is mediated through a top-quark loop, as shown in Figure 2.9, with
smaller contributions from b- and c-quarks, each suppressed by factors propor-
tional to their mass. The large cross-section allows for precise measurements of
Higgs boson properties.

In SMEFT, the ggF production mode allows to directly probe the tree-level gluon-
gluon-Higgs operator O . Additionally, given the primary role of the Higgs-
top coupling in this process, it is also sensitive to modifications to the Higgs-top
Yukawa operator O and the operator affecting the top-quark chromomagnetic
dipole moment O¢g. For gluon-gluon fusion events produced in association with
jets, additional angular observables such as the jet opening angle A¢j; provide
sensitivity to CP-odd operators such as O, =.

2.4.1.2 Vector-boson fusion

A quark from each of the incoming LHC protons radiates a heavy vector boson.
These bosons interact or “fuse” to produce a particle, such as a Higgs boson. The
initial quarks that first radiated the vector bosons are deflected only slightly and
travel roughly along their initial directions.
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Figure 2.9: Representative Feynman diagram of the different Higgs boson production in the Standard Model and the SMEFT.
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The second largest inclusive production mode is vector boson fusion (VBF), where
two gauge bosons radiated from each of the protons interact to produce the Higgs
boson. The quarks that radiate the vector bosons are deflected only slightly and
have a large separation in rapidity. This kinematic feature is key in separating the
VBF process from other production modes, such as gluon-gluon fusion in associa-
tion with two jets, and Higgsstrahlung, where the associated weak boson decays
hadronically.

Vector-boson fusion is sensitive to the HVV and VHqq couplings and is affected by
operators such as Oxywg, Onw, OHB, Oﬂ;, OS;, OHuw, and Oy q4. Similar to ggF
production, angular observables such as Adj; are sensitive to CP-odd operators

such as Oy, 5> Oyys and O, -

2.4.1.3 Associated production with a vector boson

This production mode, also known as Higgsstrahlung, is characterized by an as-
sociated weak boson that is produced alongside the Higgs boson. It has the third-
largest inclusive production cross-section. The VH production modes can be fur-
ther split into subsamples depending on the type of the associated vector boson
(V=W, Z), as the processes involved in their production are different. The WH
production is mediated by quark-initiated diagrams at leading order. For the ZH
production mode, in addition to the quark-initiated diagrams, there is an addi-
tional contribution from the gluon-initiated process (ggZH), which is mediated by
loop diagrams involving the top-quark.

The VH production mode is sensitive to the HVV coupling and through that to
operators Oywg, Onw, and Oyg. Additionally, kinematic distributions such as
the transverse momentum of the associated weak boson, pY, are sensitive to op-
erators that are expected to have enhanced sensitivity in the high-pt tails such
as O(F: ;,OS A,OHu, and Opg. The ggZH production mode is sensitive to the
gluon-gluon-Higgs operator Oy g, top chromomagnetic operator Og, the Higgs-
tOF Yukawa operator Oy, and the Higgs-gauge-fermion involving the top quark
03 and Oyys.

HQ Ht

2.4.1.4 Higgs boson in association with top-anti-top quark pairs

This production mode is characterized by a Higgs boson produced alongside a top-
anti-top quark pair. This process is sensitive to top-Higgs coupling modifiers that
also affect ggF production such as, Oy and O.g, without being affected by Oy g,
thereby allowing to disentangle the behavior of these operators. Furthermore, 4-
fermion operators of the type O3> affect the top-anti-top quark couplings with
other quarks.
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2.4.1.5 Higgs boson in association with a top/anti-top quark

Higgs boson production in association with a single top quark (tH) occurs via the
t-channel process, where qg — tHq’b, or through associated production with
a W boson, denoted as gb — WtH. In the Standard Model, the tH production
cross-section is suppressed by almost fully destructive interference at the tree level
between diagrams where the Higgs boson is radiated from a W boson, respectively.
Consequently, the cross-section of tH production is extremely small, but due to the
strong interference, it is still quite sensitive to several operators.

The tH process is sensitive to modification of the Higgs-top Yukawa operator Oy,
and operator Oy that modify the top-W coupling. Additionally, the process is
also sensitive to the four-fermion operator qu.

2.4.2 Higgs boson decay modes

Given that the Higgs boson couples directly and indirectly to all Standard Model
particles, once produced it can decay into all particles except the top quark, which
is kinematically forbidden. Once the mass of the Higgs boson is determined, the
Standard Model branching fraction can be calculated. The variation of the branch-
ing fraction of the Higgs boson for masses between 120 GeV to 130 GeV is shown
in Figure 2.8. Representative Feynman diagrams of the different Higgs boson de-
cays in the SM and SMEFT are shown in Figure 2.10.

Higgs to fermions

The Higgs boson decays to fermions are mediated by the Yukawa couplings in
the Standard Model as described in Section 2.1.7.2. The Higgs boson decays to
fermions are mediated by the Yukawa couplings and the partial width is propor-
tional to the square of the fermion coupling. Additionally, for Higgs decays to
quarks, there is a factor three enhancement to the branching ratio with respect to
fermions due to the three color charges. Therefore, the Higgs boson decay to bb
is the most common decay with a 58% branching fraction. This decay channel is
followed by T7 1~ (6.3%), cC (2.8%), and u~u™ (0.02%). The Higgs boson decays
to fermions allow for a dedicated measurement of the effects of the operators that
modify the Higgs-Yukawa coupling Oyy. Additionally, these operators are also af-
fected by the CP-odd component of the Yukawa coupling, which can be measured
by measuring angular observable as done in H — tt decays [90].

(8)
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Higgs to bosons

The Higgs boson directly couples to the W and Z, and thus, the Higgs boson de-
cays to bosons are dominated by the WW* (22%) and ZZ* (2.64%) channels,
where one of the bosons is produced off-shell. In these channels, Higgs bosons
are primarily measured in the corresponding leptonic decay modes H - WW* —
EviUFvy and H — ZZ* — 1F1- U~ U+, where 1,17 = {e, u}.

The decays of H — yy (0.227%) and H — Zy (0.15%) are loop-suppressed be-
ing mediated by the top-quark and W-boson in the loop. Given that these pro-
cesses are loop-suppressed in the Standard Model, they have enhanced sensitiv-
ity in the SMEFT, where there are tree-level couplings introduced by operators
Onw, Oxnwae, and Oy . Additionally, they are also sensitive to SMEFT insertions
within the loop that modifier Higgs-top couplings (Oy}), top-photon couplings
(Otw, O¢g), and self-coupling of weak bosons (Owy,).

2.5 Simulation of the Standard Model Higgs boson
signal

The analysis of Higgs boson relies strongly on accurate Monte-Carlo simulations
of Higgs boson production in various production modes, in particular, to design
analyses that aim to accurately measure Higgs boson kinematic distributions. For
each Higgs boson decay mode, the branching fraction prediction corresponds to
theoretical calculations at the highest available order [89]. The predictions for
Higgs boson production are simulated using the Monte-Carlo generators listed in
Table 2.4. The Monte-Carlo samples used to model the signal in this thesis are
summarized in this section.

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

ggH NNLOPS PYTHIA 8 PDF4LHC15 48.52 N3LO(QCD) +NLO(EW)

VBF POWHEG Box PYTHIA 8 PDF4LHC15 3.78 approximate-NNLO(QCD) +NLO(EW)

WH POWHEG Box PyTHIA 8 PDF4LHC15 1.37 NNLO(QCD) +NLO(EW)

qq/q99—ZH POWHEG Box PyTHIA 8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)

gg—ZH POWHEG Box PyTHIA 8 PDF4LHC15 0.12 NLO(QCD)

ttH POWHEG Box PYTHIA 8 PDF4LHC15 0.51 NLO(QCD)+NLO(EW)

bbH POWHEG Box PyTHIA 8 PDF4LHC15 0.49 NNLO(QCD)

tHqb MG5_AMC@NLO  PYTHIA8  NNPDF3.0nnlo 0.07 NLO(QCD)

tWH MG5_AMC@NLO  PYTHIA8  NNPDF3.6nnlo 0.02 NLO(QCD)

Table 2.4: Event generators and PDF sets used to model the signal process. The cross sec-
tions of Higgs production processes [88, 91-108] are reported for a center of
mass energy of /s = 13 TeV and a SM Higgs with mass 125.09 GeV. The order of
the calculated cross section is reported in each case. Table is taken from [109].
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2.5 Simulation of the Standard Model Higgs boson signal

» ggH: Higgs boson production via gluon-gluon fusion (ggH) is simulated using
the POWHEG Box [110-113] NNLOPS implementation [114, 115]. The event
generator uses HNNLO [116] to reweight the inclusive Higgs boson rapidity
distribution produced by the next-to-leading order (NLO) generation of pp —
H + parton, with the scale of each parton emission determined using the MiNLO
procedure [117]. The PDF4LHC15 parton distribution functions are used for
the central prediction and uncertainty. The sample is normalized such that it re-
produces the total cross-section predicted by a next-to-next-to-next-to-leading-
order (N3LO) QCD calculation with NLO electroweak corrections applied [89,
91-94]. The NNLOPS generator reproduces the Higgs boson pr distribution pre-
dicted by the NNLO plus next-to-next-to-leading logarithm (NNLL) calculation
of HRES2.3 [118], which includes the effects of top- and bottom-quark masses
and uses dynamical renormalization and factorization scales.

* VBF, VH: The VBF and VH production processes are simulated at NLO accuracy
in QCD using the POWHEG Box [119] generator with the PDF4LHC15 set of
PDFs, where the simulation of VH relies on improved NLO calculations [120].
The VBF sample is normalized to an approximate-NNLO QCD cross-section with
NLO electroweak corrections applied [89, 95-97]. The VH samples are normal-
ized to cross-sections calculated at NNLO in QCD with NLO electroweak correc-
tions [98, 100] and with additional NLO QCD corrections applied [99] for the
gg — ZH subprocess [89].

* ttH: Higgs boson production in association with a top-antitop quark pair (ttH),
followed by an H—vyy or H— ZZ*— 4{ decay, is simulated at NLO accuracy
in QCD using the POWHEG BoX generator with the PDF4LHC15 set of PDFs.
For the generation of ttH events in the other Higgs boson decay channels, the
MADGRAPH5 AMC@NLO [121] generator is used with the NNPDF3.0 [122]
set of PDFs. In both cases, the sample is normalized to a calculation with NLO
QCD and electroweakcorrections [88, 101-103, 123].

tH: Higgs boson production in association with a single top quark and a W bo-
son (tHW) and Higgs boson production with a single top quark in the t-channel
(tHq) is generated at LO accuracy using MADGRAPH5_AMC@NLO. The tHq
production is generated with CT10 [124] PDF sets. The tH samples are normal-
ized to NLO QCD calculations [89, 108].

All parton-level events are input to PYTHIA8 [125] to model the Higgs boson decay;,
parton showering, hadronization, and multiple parton interactions (MPI). The gen-
erators are interfaced to PYTHIAS, using the AZNLO and A14 parameter sets [126].

Particle-level events are passed through a GEANT 4 [127] simulation of the ATLAS
detector [128] and reconstructed using the same analysis software used for the
data. Event pile-up is included in the simulation by overlaying inelastic pp colli-
sions, such that the average number of interactions per bunch crossing reproduces
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that observed in the data. The inelastic pp collisions were simulated with PYTHIA8
using the MSTW2008L0 [129] set of PDFs with the A2 [130] set of tuned pa-
rameters or using the NNPDF3.01lo set of PDFs with the A3 [131] set of tuned
parameters.



The ATLAS Experiment at the Large
Hadron Collider

To thoroughly investigate the Standard Model at high energies, it is essential to
establish a comprehensive experimental program capable of precisely examining
various physics processes. Such a program will aid in revealing any subtle devia-
tions from the predictions of the Standard Model. Central to such a comprehensive
experimental program is the Large Hadron Collider (LHC), a particle accelerator
and collider located at CERN, the European Organization for Nuclear Research, on
the border between Switzerland and France. The LHC operates at the forefront of
scientific exploration, allowing to study physics at the most fundamental level.

This chapter summarizes the facilities at the Large Hadron Collider (LHC), the
most energetic particle accelerator constructed to date. It hosts four primary de-
tector facilities that study hadron collisions to address fundamental topics. The AL-
ICE (A Large Ion Collider Experiment) experiment [132] studies the quark-gluon
plasma. The LHCb (Large Hadron Collider beauty) experiment [133] is a forward
spectrometer that studies flavor physics. There are two general-purpose experi-
ments, the CMS (Compact Muon Solenoid) experiment [134] and the ATLAS (A
Toroidal LHC Apparatus) experiment [135], which have complementary designs
and independent programs to explore the energy frontier and study the properties
of the heaviest constituents of the Standard Model, such as the top quark and the
Higgs boson and perform searches for as-of-yet undiscovered particles.

The analyses in this thesis make use of the data collected at the ATLAS experiment
during Run-2 of the LHC between 2015 and 2018. One of the goals of this thesis
is to use this dataset to put the Standard Model to the test at the highest energy
scales. This chapter contains an overview of the LHC and the ATLAS experiment.
A detailed description of the LHC and the ATLAS experiment can be found in [135,
136].

43



44
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3.1 The Large Hadron Collider

3.1.1 The LHC Accelerator Complex

The LHC is a particle accelerator and collider at CERN used to study Nature at the
most fundamental level. The LHC is housed in a 26.7 km circular tunnel - originally
constructed for the Large Electron-Positron collider - and is situated between 45
m and 170 m below the surface.

LHC CMS
m

LHCb

BOOSTER

1959 (628 m)

LINAC 2

Figure 3.1: Figure depicting the LHC injector chain. Figure taken from [137].

In the LHC, two beams of protons travel in opposite directions within evacuated
beam pipes. The path of the protons is guided by approximately 1200 dipole mag-
nets located in the LHC arc sectors, which ensure the protons follow a closed
trajectory. The superconducting dipole magnets have a field strength up to 8.3 T,
over 100,000 times the Earth’s magnetic field, and are constructed with niobium-
titanium coils. They are cooled down to a temperature of 1.9 K using liquid helium,
enabling them to operate in a superconducting state. The LHC is designed to ac-
celerate protons to an energy of up to 7 TeV and heavy ions, such as lead, to up
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to 2.76 TeV per nucleon. Heavy ion collisions are used to study the properties of
quark-gluon plasma and are not relevant to this thesis.

Before entering the LHC, protons undergo a series of pre-acceleration stages, uti-
lizing the existing infrastructure at CERN. The injector chain, responsible for sup-
plying protons to the LHC, is depicted in Figure 3.1. The process begins by ionizing
hydrogen gas in a duoplasmatron to generate a continuous proton beam. Subse-
quently, a radio frequency quadrupole is employed to focus, bunch, and accelerate
the protons before they enter a linear accelerator (LINAC 2). Following LINAC
2, the protons proceed through a sequence of synchrotrons, each increasing in
size: the Booster, the Proton Synchrotron (PS), and the Super Proton Synchrotron
(SPS).

Within the PS, the proton bunches are consolidated into a train, with a spacing of
25 ns between each bunch. As the proton bunch trains depart from the SPS and
are injected into the LHC, they have a kinematic energy of 450 GeV. Various filling
schemes are employed to target different instantaneous luminosity values. At its
designated instantaneous luminosity of L = 1034 cm—2s~!, each proton beam
comprises up to 2808 bunches, with approximately 10'! protons contained within
each bunch.

3.2 The ATLAS detector

The ATLAS detector is designed to measure particles produced in the collisions of
the LHC and this imposes a number of requirements on the design, such as to

* operate effectively in a high-rate and harsh environment, using fast and radiation-
hard electronics and sensor elements. Moreover, a high level of detector granu-
larity allows to handle dense particle fluxes and minimizes the impact of over-
lapping collisions in the same LHC bunch crossing.

* have a large angular coverage, i.e., full coverage of the azimuthal angle, and a
large coverage of the polar angle.

* have an efficient resolution for reconstructing the trajectories of charged parti-
cles, with an excellent resolution for measuring their momentum, as measured
from the curvature of the tracks in the transverse plane due to the magnetic
field. Vertex detectors near the interaction region allow for observing secondary
vertices to identify t-leptons and b-jets.

» perform accurate electron and photon identification and energy measurements
with a robust electromagnetic (EM) calorimeter. Furthermore, full-coverage had-
ronic calorimetry allows for precise energy measurements of jets and the total
(missing) transverse energy.
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* have a reliable muon identification system with excellent momentum resolution
resolution and charge identification across a wide momentum range.

* ensure a highly efficient triggering system that saves events of interest for offline
processing with a total rate not exceeding 1 kHz. For the physics of interest, it
is important that collision events featuring objects of interest, such as b-jets
and leptons, at a moderate transverse momentum, around 20-30 GeV, can be
selected with good efficiency.

The design targets for the polar coverage and energy/momentum resolution of the
various ATLAS detector sub-systems are summarized in Table 3.1.

Detector component Required resolution 1 coverage
Measurement Trigger

Tracking Op+/PT = 0.05%pT O 1% +2.5

EM calorimetry o /E =10%/VE & 0.7% +3.2 +2.5

Hadronic calorimetry (jets)

barrel and end-cap og/E =50%/VE @ 3% +3.2 +3.2

forward o /E=100%/VE®10% | 3.1 <l <49 |31 < <49

Muon spectrometer oe/E=100%/VE®10% | 3.1 <l <49 [3.1<m <49

Table 3.1: Performance targets of the ATLAS detector where the required resolution is the
resolution required to achieve the physics goals of the experiment. The 1 cov-
erage is the coverage of the detector in the pseudo-rapidity space. Table taken
from [135].

3.2.1 The ATLAS coordinate system

In the ATLAS experiment, the primary interaction point of a collision event de-
fines the origin of the coordinate system. The beam direction defines the z-axis,
and the x — y plane is transverse to the beam direction. The positive x-axis is de-
fined as the direction pointing from the interaction point to the center of the LHC
ring, and the positive y-axis is defined as pointing upwards. The side-A and side-C
of the detector are defined as those with positive and negative z, respectively. A
cylindrical symmetric coordinate system (R,0,¢) is also used where the azimuthal
angle ¢ is measured as the angle around the beam axis in the x —y plane, and
the polar angle 0 represents the angle with respect to the beam axis. The distance
in the transverse plane is given by the radial distance R. The coordinate system is
sketched in Figure 3.2.

The rapidity (y) of a particle is a Lorentz invariant quantity that is commonly used
as a measure of relativistic velocity. It is defined as y = %ln(%g—i) where E
is the energy and p,. is the momentum component along the beam axis. In the
ultra-relativistic limit, the rapidity is approximated by the pseudo-rapidity n =

Olb
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n=—00

\ center of

the LHC

Figure 3.2: Schematic of the ATLAS coordinate system. Figure adapted from [138].

—ln(tan(%)), where 0 is the polar angle as described earlier. Pseudo-rapidity

is a convenient coordinate in collider physics, as a Lorentz boost of a process
along the beam axis results in a simple shift in the pseudo-rapidity of the resulting
particle distributions. Transverse quantities such as transverse momentum (pt),
transverse energy (Et), and missing transverse energy (E?iss) are defined as the
component of the momentum or energy in the x —y plane. The distance in the
pseudo-rapidity and azimuthal angle space (n, ¢) is known as angular distance.
The angular distance is defined as AR = \/An?2 + Adp?2.

3.2.2 Particle identification with the ATLAS detector

The ATLAS detector aims to measure well the signature particles of physics pro-
cesses of interest, primarily (stable) leptons and photons, as well as the remnants
of outgoing quarks and gluons, which result in jets of particles that can also be
reconstructed. Measurement of these objects, in turn, allows us to identify and
measure the kinematics of unstable particles of interest, i.e., W and Z bosons,
Higgs boson, and top quark.

Different detectors are utilized to measure the position of the vertex, the momen-
tum and charge of charged particles, and the energy of the particles. These de-
tectors are organized in layers, as shown in Figure 3.3. The vertex and tracking
detectors are immersed in a solenoidal magnetic field that bends charged particles
in the transverse plane. The vertex detector is closest to the beam pipe and aims
to determine the origin of the high-energy interaction. Surrounding tracking lay-
ers measure the charge and the momentum of charged particles, whereas neutral

(8)
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Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

Tracking Tracker
Pixel/SCT detector

Figure 3.3: Sketch of the different layers of the ATLAS detector in the transverse plane with
the illustration of the sensitivity to measure different particles. Figure taken
from [139].

particles such as neutrons and photons pass through without interaction. The next
layer, the electromagnetic calorimeter, precisely measures the energy of electrons
and photons. The energy of all other particles, charged and neutral, is measured
from the combined signals of the electromagnetic and hadronic calorimeter. A final
layer of tracking detectors in a toroidal magnetic field performs precision measure-
ments of muon momenta, the only charged particle that can traverse calorimeter
layers. Each detector is discussed further in the following subsections.

3.2.3 Inner Detector

The ATLAS Inner Detector (ID) consists of three sub-detectors - the pixel detector,
the semi-conductor tracker (SCT), and the transition radiation tracker (TRT) as
shown in Figure 3.4. The ID is subject to a 2T axial magnetic field to bend the
trajectory of charged particles to determine their momentum. Charged particles
deposit energy as they traverse through the ID and are used to reconstruct the

(8)
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trajectories of the particles and measure their momentum. The ID is also used to
determine the origin of particle tracks, a procedure known as vertexing that allows
identifying t-leptons and the decay chain of heavy hadrons.

End-cap semiconductor tracker

Figure 3.4: Cutaway view of the ATLAS Inner Detector. Figure taken from [135].

The ID is built around the beam pipe with cylindrical geometry. The ID consists of
barrel layers centered around the interaction point and end-cap wheels or disks
at either end of the barrel. Figure 3.4 shows a cut-away view of the ID. The ID is
built using two technologies: silicon sensors and straw drift tubes. Silicon pixels
are used in the Pixel detector, and silicon strips are used in the SCT. Straw drift
tubes are used in the TRT. When charged particles cross the silicon sensors, they

generate electron-hole pairs, which can be collected with an applied electric field.

The sensor records this charge locally, identifying the particle’s position. A similar
process occurs in the straw drift tubes. Charged particles traversing the drift tubes
ionize gas contained within the straw. The liberated electrons drift in the applied
electron field to the wire at the center of the straw, where they are recorded.

Pixel detector: The Pixel detector is the sub-detector closest to the interaction
point and provides the finest granularity. The innermost layer of the barrel is the
Insertable B-Layer (IBL), which is positioned at a radius of 33 mm from the beam
axis and consists of modules with a pixel size of 50 x 250 um? in the R-$ and z
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Chapter 3. The ATLAS Experiment at the Large Hadron Collider

directions, respectively. The remaining layers of the pixel detector consist of over
80 million channels. The Pixel detector provides, on average, three measurements
per charged particle and has a position resolution of 10 um in the R-¢ plane and
115 pum in the z direction. The Pixel detector provides full coverage in ¢, and
coverage up to 2.5 in n|.

Semiconductor Tracker (SCT): The SCT surrounds the Pixel detectors. Each SCT
layer is composed of a double layer of silicon strips, whose axes are tilted with
respect to one another, which allows for a 2D hit reconstruction in the plane of the
module. The pair of measurements at each SCT layer locates charged particles in
R-¢, with an accuracy of 17 um, and along z, with an accuracy of 580 um. The
SCT provides between four and nine measurements per particle, covering up to
In| < 2.5.

Transition radiation Tracker (TRT): The TRT is the largest sub-detectors in the
ID. The TRT comprises of ~300k straw drift tubes that provide position measure-
ments with an accuracy of 130 um in the R-¢ plane in the barrel. It provides
coverage up to || < 2.0. In addition to being a tracking detector, the TRT pro-
vides particle identification by detecting transition radiation. Charged particles
emit transition radiation (TR) photons when traversing the TRT. The probability
of emitting a TR photon is a function of the Lorentz factor-y. At the same momen-
tum, electrons emit more transition radiation photons than charged hadrons. The
number of TR photons detected in the TRT provides separation between electrons
and charged hadrons. Combining precision trackers at small radii with the TRT at
a large radius gives robust pattern recognition and high precision in the R — ¢ and
z coordinates.

3.2.4 Calorimeter

The ATLAS calorimeter system consists of an electromagnetic calorimeter (ECAL)
and a hadronic calorimeter (HCAL) to measure the energy of particles by mak-
ing them deposit all of their energy primarily via the electromagnetic and the
strong interaction, respectively. The calorimeters are sampling calorimeters and
thus consist of layers of an absorbing high-density material that stops incoming
particles, interleaved with layers of an active medium that measures their energy.
Incident particles produce showers of energy in the calorimeter. Only a fraction of
the energy produced by the particle is measured by active detector sensors and the
energy of the full shower can be inferred from the observed energy. The calorime-
ter system measures the energy of hadrons, electrons, and photons. It provides
coverage up to |n| < 4.9, using multiple technologies. The calorimeter system
fully contains both electromagnetic and hadronic showers, stopping particles be-
fore they reach the muon system. An overview of the calorimeter system is shown
in Figure 3.5.
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic ~
end-cap (EMEC)

LAr electromagnetic
barrel

LAr forward (FCall)

Figure 3.5: Cutaway view of the ATLAS calorimeter system. Figure taken from [135].

Electromagnetic Calorimeter: The energies of electrons and photons are mea-
sured by the liquid-argon (LAr) electromagnetic (EM) barrel and end-cap calorime-
ters. The LAr, together with kapton electrodes, act as active material, and lead
plates act as absorbers. The ECAL geometry provides complete and symmetric ¢
coverage, with detectors providing high granularity measurements critical for par-
ticle identification in the range |n| < 2.5. The EM calorimeter is segmented into
three radial sections with different n-¢ granularities. Figure 3.5 shows a cutaway
view of the different layers in the EM barrel calorimeter. The first layer, called
strips, has excellent segmentation in 1. The strips can separate between showers
initiated by electrons or photons and showers initiated by neutral pions. The sec-
ond sampling provides most of the energy measurement and provides segmenta-
tion in both i and ¢. The third sampling is coarser and adds additional depth to the
calorimeter. The EM calorimeters cover the pseudorapidity range |n| < 3.2. The
Tile calorimeters and the LAr hadronic end-cap calorimeter are designed to mea-
sure the energy of hadrons. This range || < 1.7 is covered by the Tile calorimeter.
The scintillator-tile calorimeter is separated into a barrel and two extended barrel
cylinders. In the end-caps, 1.5 < || < 3.2, high granularity liquid-argon (LAr)
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electromagnetic sampling calorimeters, with excellent performance in energy and
position resolution, cover the pseudorapidity range of n| < 3.2.

Hadronic Calorimeter: The HCAL is situated behind the ECAL and is relevant for
energy measurements of hadronic particles. It consists of three sampling calorime-
ters that use different choices of active and passive materials. A tile calorimeter is
used in region || < 1.0 and 0.8 < |n| < 1.7. The tile calorimeter modules con-
sist of layers of scintillating tiles as active material and steel plates as absorbers. It
is separated into a large barrel and two extended barrel sectors. For the region ||
> 1.5, the LAr technology is also used for the hadronic calorimeter and matches
the outer [n| limits of the electromagnetic calorimeter. The LAr hadronic end-cap
calorimeter offers coverage in 1.5 < |n| < 3.2 and consists of planar modules with
LAr as the active material and copper as the absorber. The LAr forward calorime-
ter covers the region of 3.1 < || < 4.9 and consists of three modules. The first
module uses copper as the absorber, and the other two modules use tungsten.

3.2.5 Muon Spectrometer

Located at the outermost layer of the detector, the Muon Spectrometer (MS) sur-
rounds the calorimeters and operates within a large superconducting air core mag-
net system. A cutaway sketch of the MS is shown in Figure 3.6. The primary
purpose of the MS is to detect and measure charged particles that traverse the
calorimeters. The primary particles of interest are muons, which form the bulk of
the particles that penetrate the calorimeters in the energy range of interest. The
driving goal of the MS is to have an accuracy of 10% for muon tracks with pt =1
TeV, which translated to a sagitta of 500 um with a resolution < 50 pm.

Dedicated toroidal magnetic systems are used to bend the trajectories of muons.
The bending power of the magnets in the volume is estimated using [ Bdl where
B is the magnetic field and dl is the path length of a muon in the limit of large
momentum between the inner and outermost chamber planes. The central toroids
provide a bending power of 1.5 to 5.5 Tm in the region [n| < 1.4. The end-cap
toroid magnets consist of two toroid magnets that provide a bending power of 1
to 7.5 Tm in the region 1.6 < [n| < 2.7. Muons traversing the transition region
between the barrel and end-cap regions are subject to a lower bending power.

The MS comprises several subdetectors that work together to measure the trajec-
tories and momenta of muons precisely. Three layers of high-precision tracking
chambers, known as the Monitored Drift Tubes (MDTs) and Cathode Strip Cham-
bers (CSCs), are used for detecting muons in the R — z plane.

Monitored Drift Tubes: The MDT serves as the primary tracking detector, em-
ploying precision drift tubes filled with a gas mixture. As muons traverse these
tubes, they ionize the gas, generating ionization electrons that drift toward an an-

M
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Thin-gap chambers (TGC)

N m Cathode strip chambers (CSC)
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End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6: Cutaway view of the ATLAS muon system. Figure taken from [135].

ode wire. By analyzing the arrival times of these drifting electrons, the position
of the muon’s track can be accurately determined. The MDTs ensure high spatial
resolution and are robust for precise muon tracking. The MDTs cover a region of
Il < 2.7, except for the innermost layer where CSCs are employed instead in the
region of 2 < | < 2.7. They are arranged in concentric cylinders approximately
5, 7.5, and 10 m from the beam axis. The overall layout of the MDTs is projective
with respect to the interaction points, i.e., the layer dimensions and chamber sizes
increase with an increasing distance from the interaction point.

Cathode Strip Chambers: In the forward region, given that the particle fluxes
and muon-track density are highest, the MS incorporates CSCs in the innermost
layer of the forward region between 2 < || < 2.7. These multiwire proportional
chambers utilize cathode strip readout to measure the position and timing of muon
tracks. Designed to handle the high particle flux, the CSCs provide rapid response
times for efficient muon detection and tracking.

It is required to know the location and characterize the deformation of the cham-
bers with a precision better than 30 um to achieve the high position resolution for
the sagitta measurement. The position and the internal deformation of the MDT
chambers are measured using a high-precision optical system.
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Trigger chambers: The precision tracking system is complemented by the trigger
system, where fast subdetectors provide the capacity to trigger on muon tracks.
The RPCs are gaseous detectors that supplement the precise tracking capabilities
of the MDT and CSC. They offer fast response times and are particularly effective
for triggering purposes. By utilizing resistive plates as electrodes, the RPCs provide
accurate timing information for muon detection.

Completing the suite of subdetectors, the Thin Gap Chambers (TGC) cover the end-
cap regions of the Muon Spectrometer. The TGCs are doublet (two wire planes) or
triplet (three wire planes) chambers that excel in triggering and delivering swift
response times. Through the implementation of a high electric field within a small
gap, the TGCs achieve superior timing and spatial resolution.

Together, these subdetectors deliver precise measurements of muon tracks and
their momenta. The MDT ensures exceptional spatial resolution for precise track-
ing, while the CSCs, RPCs, and TGCs provide complementary information for
triggering and timing purposes. By integrating the data obtained from these sub-
detectors, the ATLAS Muon Spectrometer can effectively identify and accurately
measure the trajectories and momenta of muons generated during high-energy
collisions at the Large Hadron Collider (LHC).

3.2.6 Trigger and DAQ

LHC collisions occur every 25 ns, which corresponds to a rate of 40 MHz. Given
that a typical event size is O(1.5) MB, storing all the data at a rate of O(60 TB/s)
is not feasible. Therefore, a trigger is used to select events of interest. The ATLAS
trigger and data acquisition (TDAQ) consists of three levels of selection: Level-1
(L1), Level-2 (L2), and Event Filter. The L2 and Event Filter are called the High-
Level Trigger (HLT). The L1 trigger is implemented using custom-made electronics
and is commonly referred to as a hardware trigger. The HLT, on the other hand,
runs on a computing farm and is referred to as a software trigger. A diagram of the
trigger and the data acquisition system employed by the ATLAS detector in Run-2
is shown in Figure 3.7.

Level-1 Trigger: The L1 trigger is designed to reduce the event rate from 40 MHz
to 100 kHz and performs the initial event selection based on information from
calorimeters and muon detectors. The L1 calorimeter trigger uses reduced gran-
ularity information from all the calorimeter sub-systems to identify high-pt elec-
trons, photons, jets, T-leptons, and missing transverse energy. With precise timing
accuracy, the L1 muon trigger uses information from finely segmented muon de-
tectors - RPCs in the barrel region and TGCs in the end-cap region - to provide
unambiguous identification of the bunch-crossing containing the muon candidate.
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Figure 3.7: Diagram of the ATLAS Trigger and Data Acquisition system in Run-2 showing
expected peak rates and bandwidths through each component [140].

The L1 muon trigger searches for patterns of hits consistent with high-pt muons
originating from the interaction region.

The L1 trigger decision consists primarily of multiplicities for electrons/photons,
T-leptons, jets, and muons, and flags indicating which thresholds were passed for
total and missing transverse energy and the total jet transverse energy. The L1 Cen-
tral Trigger Processor (CTP) uses this information to make the L1 accept decision.
When the L1 trigger accepts the event, the geometric location information of the
trigger objects that are retained in the calorimeter and muon trigger processors
corresponds to Regions-of-Interest (Rol) that is used to seed the selection by the
HLT.

High-Level Trigger: The 1.2 trigger uses the Rol information on coordinates, en-
ergy, and type of signatures to restrict the amount of data that must be transferred
from the detector readout. The event filter uses offline analysis procedures on fully-
built events to further select events down to a rate of approximately 1 kHz, which
can be recorded for subsequent offline analysis. The HLT algorithms use the full
granularity and precision of calorimeter and muon chamber data, as well as the
data from the inner detector, to refine the selection of the earlier trigger layers.

8
o)

ol

55

2



56

Chapter 3. The ATLAS Experiment at the Large Hadron Collider

3.2.7 Luminosity and Pile-up during Run-2

The instantaneous luminosity of the LHC is defined as the ratio of the number of
events per second to the cross-section of the process. The instantaneous luminosity
is a property of the collider and depends on the beam parameters. For a collision
of two identical beams and with a Gaussian beam distribution in the transverse
plane, the instantaneous luminosity L is given by the following equation:

]
NZnyy.f 0co.\?\
~ NyMpYrirey cOz

F

where Ny, is the number of particles per bunch, ny, is the number of bunches per
beam, vy, is the relativistic gamma factor, €, is the normalized transverse beam
emittance, o is the transverse root mean square beam size at the interaction point,
* is the beta function at the collision point. fy., is the revolution frequency of
the beams. F is the geometric reduction factor due to the crossing angle at the
collision point, which depends on ¢*, the RMS bunch length o, and the crossing
angle at the interaction point 6.. The instantaneous luminosity is measured in
units of cm~2s~'. The cumulative luminosity delivered to ATLAS during stable
beams for pp collisions is shown in Figure 3.8(a).

Multiple methods, subdetectors, and techniques are employed in the ATLAS exper-
iment to measure the luminosity accurately [141]. The combination of multiple
measurements helps ensure the precision and reliability of the luminosity deter-
mination, which is crucial for understanding the rate various physics processes in
collision data. The luminosity is measured and calibrated using various methods,
including but not limited to,

* LUCID 2 (LUminosity measurement using Cherenkov Integrating Detector): LU-
CID 2 [142] is a detector system designed to measure the luminosity by detect-
ing Cherenkov radiation produced by particles passing through quartz detectors.
The intensity of the Cherenkov light is related to the number of particles, allow-
ing for determining luminosity. LUCID 2 consists of 40 quartz tubes arranged in
four layers surrounding the beam pipe of the ATLAS detector. These quartz tubes
detect the Cherenkov light emitted when charged particles pass through them.
The intensity of the Cherenkov light is directly proportional to the number of
charged particles, allowing LUCID 2 to measure the luminosity.

* ATLAS Zero-Degree Calorimeter (ZDC): The ZDC [143] measures the energy de-
posited by neutral particles emitted at very small angles relative to the beamline.
By analyzing the energy deposition, the luminosity can be estimated.
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* Beam Conditions Monitor (BCM): The BCM [144] is a system of radiation-hard
detectors placed around the beam pipe. It measures the rate of particles hitting
the detectors, which is directly proportional to the luminosity.

* Van der Meer Scans: The luminosity can be calibrated by performing dedicated
Van der Meer scans [145]. This involves deliberately offsetting the beams in the
horizontal and vertical directions and scanning the beams across each other to
measure the resulting beam size and overlap. The luminosity can be extracted
by analyzing the beam profiles and the rate of events detected.
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Figure 3.8: Cumulative luminosity (left) delivered to ATLAS during stable beams for pp
collisions at /s = 13 TeV during LHC Run-2. The luminosity is shown for the
entire data-taking period (green) and for the periods where the data quality
requirements for physics analyses were met (blue). The peak luminosity is 2.1 x
1034 em~2s~ 1. The average number of interactions per bunch is denoted by (u)
and is approximately 30 during Run-2. An indication for the pile-up distribution
is shown in Figure 3.8(b).

3.3 Strain characterization for Inner Tracker Upgrade
for High-Luminosity LHC

The High Luminosity phase of the LHC (HL-LHC) will push the instantaneous lumi-
nosity from 1-2 x1073% to 5-7.5 x103%cm 251 [146], allowing to enlarge the
data set ATLAS can gather to study rare processes. This increase in instantaneous
luminosity comes at the price of a strongly increased rate of pile-up events, with
up to 200 overlapping collisions per bunch crossing at the HL-LHC. This harsh
environment requires upgrading the existing tracking detector to maintain physics
performance. A full silicon-based detector called the Inner tracker (ITk) will re-
place the current ATLAS Inner Detector and its layout is shown in Figure 3.9. The
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Chapter 3. The ATLAS Experiment at the Large Hadron Collider

ITk will consist of a new pixel detector at a small radius close to the beamline,
surrounded by a large-area strip tracking detector.

The construction of this detector requires a reliable mechanical structure to po-
sition the detector precisely and ensure minimal variation of the position of the
active detector elements and its support with temperature variations. The mechan-
ical support structure is thus a vital part of the detector, accurately holding up de-
tector components to ensure correct track reconstruction of the detected particles.
The following sections describe the characterization of the mechanical strain in
the end-cap support structure and its variation with temperature.
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Figure 3.9: A schematic layout of the ITk for the HL-LHC phase of ATLAS. The violet planes
represent the end-cap strip trackers that will be part of the upgrade [147].

3.3.1 ITk end-cap global structure

The mechanical structure for the end cap is made of carbon fiber — an ideal mate-
rial that is light, sturdy, with a minimal material budget, and exhibits small varia-
tions with temperature. The coefficient of thermal expansion (CTE) of carbon fiber
is between -1 to 8 um/m/°C. The frame consists of the carbon fiber weaves held
together in the glue matrix, where the carbon fibers are embedded in the glue.

The ITk end-cap global structure is a cylindrical frame that supports the detectors,
cooling pipes, and the electronics readout for the strip sensors. The strip sensors
and their readouts are encased in basic mechanical building blocks of the detectors
in a petal-like formation. The petals are mounted on the disks with a required
positional accuracy of 100 um in position. The inner and outer rings in the same

(8)
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3.3 Strain characterization for Inner Tracker Upgrade for High-Luminosity LHC

XY-plane are connected by blades as shown in Figure 3.10, which provide rigidity
to the wheel, similar to the structure of a bicycle wheel where spokes establish the
rigidity of the rim.

Each set of inner and outer rings, along with the eight interconnecting blades,
form a wheel. At the outer ring, the disks are connected with rods and service
elements in the z-direction. The blades are joined to the rims of the wheels using
an adhesive and have been designed with two square profile tubes along the sides
of unidirectional carbon fiber. The volume is filled with a carbon-fiber honeycomb
or carbon foam sandwich and is covered with a carbon-fiber skin. Several holes
of increasing size with the blade width are cut out in the sandwich to stay below
the specified target of 0.2 Xy of material budget. The six disks are supported by
an inner cylinder tube, providing space for the ITk pixel detector. A stiffening disk
is situated just outside the active tracking volume at the end of the detector to
provide stiffness along the z-axis direction.

outer ring

(a) b)

Figure 3.10: A diagram of the wheel and its constituent components on the left and a di-
agram of the end-cap support structure, including the stiffener disk, which is
situated in the back. Schematic is taken from [147].

The wheels hold the petals in a precisely controlled position and absorb mechani-
cal stresses that may affect the petals in the plane. There are sixteen carbon fiber
spacer rods between the rings, which provide further mechanical strength to the
support structure. Outside the outer rings, eight service trays are distributed across
the ring where cables and cooling tubes are placed. Two rails then mount the
whole structure to the outer cylinder. More information regarding the end-cap
structure, including the composition and the assembly, is available in [147].

The detector environment is controlled by a CO, evaporative cooling system and
is subject to various physical conditions during operation and shut-down. In partic-
ular, thermal stress can occur once the detector is in operation, where the silicon
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Chapter 3. The ATLAS Experiment at the Large Hadron Collider

detector elements are cooled to temperatures below -35 °C. However, the remain-
der of the structure is exposed to an ambient temperature of around 20°C. In
certain fault conditions, the cooling temperature may be lowered down to -55°C
in the worst-case scenario [147].

3.3.1.1 Strain measurements

Strain definition: Mechanical strain is defined by the deformation of an object
relative to its nominal configuration. Various ambient influences, such as changes
in temperature, moisture, chemical composition, or external or internal forces,
can cause the deformation. The Cauchy strain of an object is defined as the ratio
of total deformation to the initial dimension of the object as

LAl

2
™ T (3.2)

€
where 1; is the initial length of the object and 1y is the final length of the object. A
strain gauge is a device that is used to measure the strain on an object and consists
of either a metal foil strip, a length of flat metal wire, or a strip of semi-conductor
material that can be stuck onto surfaces of materials like a postal stamp, as shown
in Figure 3.11. When the foil, wire, or semi-conductor is stretched or compressed,
it changes the element’s resistance (R). The resistance is given in terms of the
resistivity (p), length (1), and cross-sectional area (A) of the element as
pl

The gauge factor (Gy) is defined as the ratio of fractional change in the resistance
(AR/R) to the fractional change in length (Al/1) and is given by

AR/R
=—. 3.
= AL (3.4)
The gauge factor can be derived from the resistance of the strain gauge using
Equation 3.3 as

AR Al AA A
AR A (3.5)

R 1 A P
AR/R Ap/p
= —' =142 —_— .
f Al/T +2v + ALJL (3.6)

where v is the Poisson ratio of the strain gauge that characterizes the mechanical
response, and where 4p/0 i accounting for the piezoresistive effect characterizes

A
the change in the resistivity of the strain gauge. For constant temperature, neglect-

(3,1)
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ing the change in the resistivity, metallic strain gauges have a nominal gauge factor
of 2.
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Figure 3.11: An illustration of a single axial strain gauge on the left and a picture of one of
the used strain gauges with a 2-euro coin for comparison.

In addition to the change due to external strain, there is a change in resistance
of the strain gauge with a temperature change. This inherent change in resistance
is accounted for by the technique of self-temperature compensation [148], which
requires selecting a particular alloy matched to exhibit the thermal behavior of a
well-known material. The strain gauges used and tested have been temperature-
compensated to ferretic steel.

Strain_
sensitive pattern

Tension:
area narrows,
resistance increases.

Figure 3.12: An illustration depicting the change in the shape of the strain gauge due to the
deformation of the reference material along the axis of the strain gauge. On
the left, we have the nominal position of the strain gauge. The middle image
depicts the scenario wherein the gauge is under positive strain, which leads to
a build-up of tension in the strain gauge strip. On the right, the strain gauge is
under negative strain along the axis of the strain gauge, which compresses the
strain gauge strip.

Strain characterization: The strain gauge is installed on the material of interest
such that there is a complete transfer of the strain build-up to the strain gauge. A
change in the shape of the strain gauge surface leads to a change in the resistance
of the strain gauge, as illustrated in Figure 3.12. The strain gauge is sensitive
to strain along the axis of the gauge. Other gauges, such as rosette strain gauges,
typically involve two to three gauges per rosette oriented along different directions
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Chapter 3. The ATLAS Experiment at the Large Hadron Collider

that can be used to shed more light on the tensorial nature of the local strain build-
up in the material. In the following study, only mono-axial strain gauges, which
are sensitive to strain along a single direction, are used. The strain along different
directions is measured by orienting multiple mono-axial strain gauges along the
directions of interest. Given the cylindrical symmetry of the end-cap support, the
strain gauges are oriented along the radial and azimuthal directions.

Temperature response: The resistance change due to temperature change is an
important effect to consider given our scenario, where we cool down the material
to which the strain gauges are attached. The strain gauges we use are manufac-
tured to match the temperature behavior of a reference material. Therefore, the
deformation in the material due to a change in temperature is made to this relative
reference and can be written as

% = Gif% = (amoi — xsG)AT, 3.7
where a0 and asg represent the coefficient of thermal expansion (CTE) of the
material of interest and the strain gauge, respectively. The mechanical strain due
to structural deformation will be measured along with the strain induced due to
temperature variation.

3.3.2 Setup

Figure 3.13: A map of the strain gauges installed on the mock-up.

The setup used to characterize the strain build-up in the mock-up of the end-cap
support structure is described below. Fourteen strain gauges are installed on the
mock-up to measure the thermal behavior. A large fraction of the gauges are glued
on the upper outer ring, and the gauges are distributed on the inner ring, inner
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cylinder, blade, and spacer rod. The strain gauges installed on the rings are ori-
ented along the ¢ direction, i.e., along the carbon fibers’ weave. The gauge on
the inner cylinder and the pair of gauges on the spacer rod are oriented in the z-
direction. The pair on the blade are oriented along the radial direction. In addition
to those installed on the mock-up, one gauge was installed on reference samples
of aluminium, borofloat 33, and an unconstrained carbon fiber spacer rod. The
reference materials are placed near the strain gauges during the cooling, and their
measurements help calibrate the thermal behavior of the gauges. A schematic of
the position of the installed strain gauges is shown in Figure 3.13.

The resistance change across the strain gauge is measured using a four-wire re-
sistance technique. The four-wire resistance technique [149] compensates for the
lead resistance of the connecting wire by using a separate current source, as shown
in Figure 3.14. The change in voltage due to the connecting wires is not measured
by the volt meter. Although a small amount of current can flow through the con-
necting wires that measure the voltage, this is a much smaller current than the
current flowing through the strain gauge, usually in the order of a pico Ampere,
and can be ignored for all practical purposes.
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Figure 3.14: A schematic of the two-wire (left) and the four-wire (right) technique used to
measure resistance. Schematic taken from [149].

As shown in Figure 3.15, the mock-up consists of the stiffening disk and two
wheels attached to it using the stiffening rods. The cooling test was performed
by enclosing the mock-up in a thermally insulated box using insulating foam.
Around 25 kg of dry ice was evenly distributed across the enclosure to cool the
environment inside the box. The temperature across the mock-up was monitored
at multiple points using thermo-resistive sensors.

Readout: The resistance across the different gauges is measured by a setup sketched
in Figure 3.16. The gauges are connected to a Keithley 7708 differential multi-
plexer capable of measuring 20 channels of four-wire resistances at a given time.
The multiplexer is connected to the Keithley 2701 system [150], which performs
the data acquisition and logging. The system is connected via ethernet to a PC, pro-
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Chapter 3. The ATLAS Experiment at the Large Hadron Collider

Figure 3.15: Image of the mock-up of the global structure placed on top of an anti-vibration
table. The mock-up consists of the stiffening disk and two wheels connected
using the stiffening rods.

leferentlal =

Multlplexer =)

DAQ '
System

Figure 3.16: A schematic of the system used to measure the resistances of the installed
strain gauges and a picture of the system that was used.

viding a logging and visualization platform. The KickStart software communicates
to the DAQ system via a simple and clear interface.

3.3.3 Measurements

The cooling test was carried out for two hours, and a uniform temperature of
—30°C was reached and maintained for one hour and a half. The room tempera-
ture was 21°C before and after the cooling test. The temperature distribution can
be affected due to non-uniform circulation. However, the temperature sensors that
were distributed across the mock-up showed uniformity in measured temperature
up to 1°C. The variation in the temperature distribution is not probed, and the
global temperature is assumed to be the temperature in the vicinity of the strain
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3.3 Strain characterization for Inner Tracker Upgrade for High-Luminosity LHC

gauge. The microstrain can be measured by using the relative change of resistance
with respect to the nominal resistance value and scaling it with a gauge factor. For
metallic strain gauges, this gauge factor is typically around two.

A selection of the resistance measurements for the cooling test is shown in Fig-
ure 3.17. The stable flat region corresponding to t = 1h and t = 2h was used for
the average strain during the cooling phase. Before the gauges enter the stable re-
gion, there is a period with build-up of strain. Small perturbations in closing and
taping the thermal insulating enclosure are observed as spikes in the behavior. The
cooling was stopped roughly after two hours, which involved opening the lid and
removing the remaining dry ice. The strain build-up drops sharply after the cool-
ing is stopped. Most strain gauges have also captured the perturbations as spikes
around t = 2 hrs when the cooling was stopped by opening the thermal enclosure.
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Figure 3.17: The measured strain during the cooling test for a selection of the strain gauge
pairs installed in the parallel configuration. The left and right plots correspond
to a pair each. The strain gauges are numbered according to the map in Fig-
ure 3.13.

The average strain build-up is calculated as the average over the set of measure-
ments during the stable temperature period. The mean values of the micro strains
measured are shown in the map in Figure 3.18.
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520

Figure 3.18: The total strain buildup (in pm/m) measured across the gauges during the
cooling test. The strain includes the thermal response of the gauge and the
strain transferred at the point of installation. The blue and red lines indicate
strain gauge pairs. The numbers quoted have been rounded off to a 10 pm/m
accuracy.

3.3.4 Coefficient of Thermal Expansion estimation

The coefficient of thermal expansion (CTE) is a measure of the fractional change
in the size of a material for a given change in temperature. To estimate the CTE
of the different points of the mock-up, it is required to know the CTE of the strain
gauges. The strain gauges are compensated to ferretic steel, which exhibits a CTE
of asg = 9 (um/m)/°C. The linear CTE for other materials is estimated using
Equation 3.7 as

1 AR

x=uasg +

where Gy is the gauge factor, AT is the temperature change, and AR/R is the
measured fractional change in resistance. Figure 3.19 presents the CTE estimates
for various points in the mock-up. The strain gauge pairs installed in the parallel
configuration are listed in Table 3.2.

The bending strain can be inferred from the difference in the CTE of the two
parallel gauges (Table 3.2). The largest bending strain component is observed in
the strain gauge pair installed on the outer ring between the stiffener rods. For
the remaining strain gauge pairs, the bending strain component is relatively small,
corresponding to 20-40% of the transverse strain component.

The measured strain at different points across the mock-up end-cap structure is a
local property of the structure. It measures both the effect of the thermal behavior
of the underlying material and the structural strain of the system. The CTE esti-
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Figure 3.19: The linear CTE values at various points of the mock-up measured from the
build-up of strain due to cooling down, the central values are rounded up to
the 10 uncertainty.

Pair Installed on location Axial component | Bending component
(10,11) Inner ring In between blade support 1.6 0.7

2,1 Outer ring between stiffener rods 2.4 0.6

4,5) Outer ring | in-between blades support 1.9 0.4

(3,7) | Stiffener rod | in-between blades support 1.3 0.2

(8,9) Outer ring In between stiffener rods 0.6 1.2

Table 3.2: The strain gauge pairs installed in the parallel configuration. The pair are de-
noted by the number shown in Figure 3.13. The axial component is the average
of the two CTE estimates of the pair and the bending component is the absolute
difference between the two CTE estimates divided by two. The CTE estimates are
given in (um/m/°C).

mates enable us to understand the temperature behavior of the mock-up structure
and its contribution to the bending strain. The linear CTE measured at various
points, including the bending strain, is ~ 1 um/m°C. These numbers lie within the
expected range for carbon fiber of -1 to 8 pm/m°C.
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Reconstruction of physics objects

Hits collected in the detectors must be reconstructed as physics objects to mea-
sure different physics processes from the data collected. This step aims to extract
from the detector the four-momentum of particles and identify particles as elec-
trons, photons, muons, jets, T—leptons, and in the case of invisible signatures -
the missing transverse momentum and transverse energy. Particle identification is
achieved by making use of individual ATLAS subsystems as well as their combina-
tion in identifying and measuring electrons, photons, muons, taus and b-jets. The
reconstructed objects are subsequently calibrated to ensure the accuracy and reli-
ability of the reconstructed physics objects. The calibration procedure aims to cor-
rect instrumental effects and variations in detector response and improve particle
energy or momentum measurements. This chapter summarizes the reconstruction
algorithms used to obtain physics objects that enter the different measurements
used for the SMEFT interpretation in this thesis.

Each particle has a dedicated reconstruction algorithm making use of different
parts of the detector. An overview of the different reconstructed physics objects is
summarized below and later described in more detail in further sections.

* Electrons are reconstructed by combining the energy deposits in the ECAL with
the associated charged particle tracks from the ID.

* Photons are reconstructed based on energy clusters in the electromagnetic calor-
imeter.

* Muons are reconstructed using the tracking detectors and the muon spectrome-
ter, allowing to determine their trajectories and momenta precisely. The calorime-
ter is also required as the energy loss in the calorimeter is measured and taken
into account when necessary.

* The reconstruction of jets involves clustering algorithms that combine energy
deposits from the calorimeters. It also combines track information and informa-
tion regarding the primary vertex, which can be used to identify the flavor of
the jet.

* The decay products of the t-lepton are reconstructed using information from
the tracking detectors and calorimeters. The tracking detectors provide informa-

(8)
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Chapter 4. Reconstruction of physics objects

tion about the trajectory and charge of charged particles, while the calorimeters
measure the energy deposited by decay products.

* Missing transverse energy is determined by summing the energies of all recon-
structed objects and accounting for momentum conservation.

Throughout the reconstruction process, various calibration techniques are applied.
Given the complex nature of particle identification in the ATLAS detector, most
identification algorithms are designed to work at multiple operating points, im-
plementing various trade-offs between purity and efficiency. Analysis workflows
subsequently select the operating points that best match the challenges of the fi-
nal state targeted.

4.1 Tracks and vertices

The reconstruction of tracks allows for tracing the trajectory of charged particles.
It is an important input to different reconstruction steps such as lepton identifica-
tion, pile-up removal, and jet flavor tagging. The essential steps and components
are summarized in [151, 152]. Charged particles traversing the Inner Detector
(ID) deposit energy when interacting with the tracking sensors, leaving a hit. The
hits serve as the building block for track reconstruction. In the initial stage, hits
in the pixel detector and Semi-conductor Tracker (SCT) are used to form clusters,
and the timing information from the SCT is used to calibrated drift circles. A set
of three space points in the silicon layers is used to form a track seed. The track
reconstruction algorithm uses these seeds and proceeds in three steps: a loose pat-
tern recognition that reconstructs track candidates and an ambiguity-solver that
ensures that each hit is ultimately only associated with a single track candidate.
The final step involves a track re-fit extended to account for hits in the Transition
Radiation Tracker (TRT). The ID track reconstruction consists of two algorithms,
the main inside-out track reconstruction and a consecutive outside-in reconstruc-
tion.

The inside-out algorithm starts with creating seeds formed in the first three layers
of the pixel detector and extends them into the first layer of the SCT. Seeds are
then further extended into the SCT, removing outlier clusters and resolving am-
biguities amongst track seed candidates. A complimentary outside-in algorithm is
used to look for tracks not found by the inside-out algorithm, such as ambiguous
hits that are not associated with any track seed and tracks from secondary vertices
that are not originating in the pixel detector. The outside-in algorithm is a pattern
recognition sequence starting in the TRT, where the segments are formed based
on a Hough transform. An association tool is used to prevent hits that have al-
ready been assigned to tracks in the inside-out procedure to be reused here in the
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outside-in procedure. The TRT track segments are followed back inwards to find
track segments that are missed by the inside-out procedure.

The reconstruction of vertices is important to find the origin of the hard scatter
interaction and reject pile-up collisions. The reconstruction algorithm and its per-
formance are described in [153, 154]. The input to the vertex finding algorithm is
tracks with a minimum transverse momentum of 400 MeV within the ID coverage
(Il < 2.5). Further requirements are imposed on the number of hits associated
with the track in the ID. The vertex finding algorithm is based on an iterative pro-
cedure consisting of vertex finding and vertex fitting. It starts with a seed position
for the first position and fits the tracks to find the best vertex position. Tracks are
then assigned a weight based on their compatibility with the vertex, and the ver-
tex fit is re-performed. Tracks incompatible with the resulting vertex are reused
for identifying other vertices. The procedure is repeated until no further vertices
are found.

4.2 Electrons

Electrons are reconstructed using energy deposits in the ECAL and matching tracks
in the ID. Given their small mass, electrons produced in high-energy collisions are
susceptible to radiating a significant amount of energy through Bremsstrahlung
when they traverse the detector. This radiation can result in additional electrons,
positrons, and photons, which need to be accounted for when reconstructing the
four-momentum of the electron.

The algorithms used in electron reconstruction and identification are described in
detail in [155]. The electron reconstruction algorithm identifies localized clusters
of energy deposits found within the ECAL, charged-particle tracks identified in the
inner detector, and matches these signatures to form the final electron candidates,
as illustrated in Figure 4.1. Electrons are not considered in the forward region
n| > 2.47, where the ECAL coverage is limited.

First, topological clusters in the ECAL are reconstructed using a sliding-window
algorithm, using dynamic, variable-size clusters, called superclusters, on the ele-
ments of the ECAL that are calibrated at the EM scale. The algorithm is executed
iteratively until all elements in the calorimeter are covered. For overlapping candi-
dates, the candidate with the highest transverse energy is retained, and the dupli-
cate clusters are discarded.

Next, electron track reconstruction matches track clusters from the ID with ded-
icated algorithms to account for energy loss due to Bremsstrahlung. The pattern
recognition algorithm assumes the pion hypothesis to model the energy loss from
particle and detector interactions. If this does not result in a positive match be-
tween the EM cluster and a full track consisting of at least seven hits silicons
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Figure 4.1: Illustration depicting the trajectory of an electron through the detector. Illustra-
tion taken from [155].

per candidate, the energy loss model is updated to match tracks with significant
Bremsstrahlung. Subsequently, an optimized Gaussian-sum Filter (GSF) designed
to better account for the energy loss of charged particles in material is applied. The
GSF allows a better description of energy loss caused by interactions with material
and introduces new track parameters. The additional track parameters capture the
increased curvature in the electron’s trajectory caused by Bremsstrahlung and, as
a consequence, also improve all track parameters related to the bending plane,
such as the transverse impact parameter (do). Finally, the GSF-track candidates
are matched to the candidate calorimeter seed cluster.

Dedicated identification and isolation algorithms differentiate the prompt produc-
tion of electrons from backgrounds such as semileptonic decays of heavy quarks
and misidentified hadrons and photons converting into electron—positron pairs
upstream of the electromagnetic calorimeter. The identification uses a likelihood-
based (LH) technique based on probability density functions constructed from sim-
ulated events. The LH identification uses input quantities from the tracker and
calorimeter and also quantities that combine tracker and calorimeter information.
Isolation algorithms identify the activity near the candidate object based on both
activity in the calorimeter and the tracker. Different operating points are defined
for both the identification and isolation algorithms, with the tightest operating
point providing the best background rejection at the cost of lower signal efficiency.
The identification and isolation algorithms and their working points are described
in detail in [155].
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4.3 Photons

Photons are reconstructed from electromagnetic showers in the ECAL. They do
not leave any hits in the ID as they do not carry any charge. However, photons can
convert into electron-positron pairs in the material upstream of the ECAL and are
called converted photons. They can thus have tracks associated within the ID orig-
inating from the conversion vertex. Unconverted photons do not have any tracks
associated with them. Unconverted and converted photons each have dedicated
reconstruction algorithms. The reconstruction and identification of both are de-
scribed in detail in [156].

A converted photon is a cluster matched to a conversion vertex (or vertices), and
an unconverted photon is a cluster matched to neither an electron track nor a
conversion vertex. About 20% of photons at low |n| convert in the ID, and up to
about 65% convert at |n| &~ 2.3. To reconstruct converted photons, tracks loosely
matched to fixed-size clusters serve as input to the reconstruction of the conversion
vertex, using tracks with silicon hits and tracks reconstructed in the TRT. Clusters
to which neither a conversion vertex candidate nor any track has been matched
during the electron reconstruction are considered unconverted photon candidates.

The photon energy measurement is performed using information from the calorime-
ter. To calibrate for the non-linear response of the calorimeter, the energy of the

electromagnetic clusters associated with the photon candidates is corrected in sub-

sequent steps using a combination of simulation-based and data-driven correction

factors, where the calibration is separately optimized for converted and uncon-

verted photons.

Since most reconstructed photon candidates arise from non-prompt background
photons from hadron decays in jets, photon identification and isolation algorithms
can be used to reduce the background of non-prompt photons.

4.4 Muons

The main signature of muons is their minimal ionizing interaction with matter, re-
sulting in regular ID and Muon Spectrometer (MS) tracks, and in most cases, only
a minimal energy deposit in the calorimeter. Information from the calorimeters
is nevertheless used and allows to reconstruct the sporadic cases where a large
energy loss is measured in the calorimeters. The reconstruction and identification
efficiency of muons with the ATLAS detector is described in detail in [157].

The reconstruction of generic charged particles in the ID is described in Section 4.1.
Track reconstruction in the MS starts with identifying short straight-line local track
segments in a station using a Hough transform [158]. Segments are subsequently
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combined with trigger information, and an approximate track fit to create track
candidates is performed. The track candidates are used in an iterative global x? fit
to account for material interactions and misalignment issues and to remove outlier
hits. The final set of tracks is re-fitted with a loose interaction point constraint
accounting for the energy loss in the calorimeters and is extrapolated back to the
beam line.

Global muon reconstruction is based on using information from the ID and MS
detectors as well as the calorimeters. There are five main reconstruction strate-
gies corresponding to the following muon types: combined (CB), inside-out (10),
muon-spectrometer extrapolated (ME), segment-tagged (ST), and calorimeter-tagged
(CT). Combined muons are identified with an outside-in algorithm by matching
MS tracks to ID tracks, performing a combined track fit based on the ID and MS
hits, and accounting for energy loss in the calorimeters. IO muons, on the other
hand, are reconstructed using an inside-out algorithm and do not rely on an in-
dependently reconstructed MS track. ME muons correspond to an MS track that
cannot be matched to an ID track. ST muons correspond to an ID track that ex-
trapolates to the MS and satisfies angular matching requirements to at least one
reconstructed MS segment. Finally, CT muons are identified by extrapolating ID
tracks through the calorimeters to search for energy deposits consistent with a
minimum ionizing particle.

Muon candidates are classified at different working points based on the number
of hits in the various ID subdetectors and MS stations, on the track fit properties,
and on variables that test the compatibility of the measurements in the two detec-
tor systems. Isolation criteria are applied to suppress non-prompt muons, such as
those arising from the decay of heavy-flavor hadrons. Reconstruction and identifi-
cation efficiencies are mainly measured using the tag-and-probe method applied
to Z — pp data, where one leg of the decay, known as the tag, is required to
satisfy stringent identification criteria and the second muon candidate in the pair,
the probe, is used to measure the efficiency.

4.5 Jets

Quarks and gluons produced in high-energy collisions are characterized by their
detector signature of jets, which are collimated sprays of charged and neutral par-
ticles. Jets are reconstructed using clustering algorithms that combine energy de-
posits in the calorimeters and tracks in the ID.

(1)
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4.6 T leptons

The most common jet energy clustering algorithm used is the anti-k algorithm [159,
160] that groups energy clusters based on the distance between them (di;) and
the transverse energy (k). The distance for a pair of objects (dy;) is defined as

Ay + AdpZ
dij = min LI B B L ‘%, @.1)
p%,i p%,j R2

where pr is the transverse momentum, and Ayi; and Ady; correspond to the
difference in rapidity and azimuthal angle between particle i and j, respectively.
Inputs to the clustering algorithm are individual 4-vectors of objects represent-
ing calorimeter clusters or tracks. The distance dj; is calculated for all available
clusters and the closest clusters are combined. The procedure is then repeated for
every cluster until the distance between the two clusters is larger than the distance
to the beamline. At this point, the procedure is stopped and the resulting object is
referred to as a jet with a cone of radius R.

Small-R jets are anti-k{ jets using a radius parameter of R = 0.4, and large-R
jets correspond to jets with a radius parameter of R=1.0. Dedicated calibration
algorithms are applied to the small-R jets [161] and large-R jets [162], which
allow to correct for experimental effects such as pile-up contamination, different
calorimeter responses for electromagnetic and hadronic interactions and energy
leakage. For large-R jets, a grooming algorithm is used to remove regions of the
jet that only result in a small contribution to the transverse momentum of the
jet. This procedure reduces the impact of energy deposits from pile-up and the
underlying event, improving the energy and mass resolution of the reconstructed
jet.

A flavor tagging algorithm is used to identify jets containing b-hadrons described
in [163]. The algorithm uses multivariate techniques that exploit the properties of
b-hadrons, such as long lifetime, high mass, and properties of the hadronic decay
and fragmentation.

4.6 T leptons

The reconstruction of the t-lepton involves information from the tracker, calorime-
ter, and measurements of missing transverse momentum. The t-lepton has a mass
of 1.777 GeV and a proper decay length (lifetime) of 87 um (290 fs) and typically
decays before reaching the active regions of the ATLAS detector. Given its large
mass, it can decay either leptonically (35%) (t — lviv., 1 = e, u) or hadronically
(65%) (Tt — hadrons v.) and these decay modes are denoted by Tje, and Thag,
respectively. Leptonic T decays are almost indistinguishable from the prompt elec-
trons or muons produced in the ATLAS detector with the main difference being
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that the lifetime of the tau leads to a displacement in the production vertex of the
electrons and muons, resulting in a different impact parameter distribution. The
Thad decay products comprise a neutrino and a set of visible decay products. These
are most commonly one or three charged pions and up to two neutral pions and
are referred to as Tj,q4.vis COMponent.

The main background to hadronic tau lepton decays is jets originating from quarks
and gluons. Dedicated multivariate algorithms [164] using discriminating vari-
ables based on the shower shape in the calorimeter, the number of tracks and the
displaced t-lepton decay vertex are used to distinguish Ty,4.is candidates from
jets.

The performance of t-lepton identification and energy scale calibration is mea-
sured using a tag-and-probe method applied to events enriched in the Z — Tt pro-
cess, with one T-lepton decaying to muon and neutrinos, T,, (tag), and the other
decaying to hadrons and neutrino, Ty,,4 (probe). Additional correction factors for
the identification and energy scale measurements are derived from performance
on the algorithms on data and simulation [164].

4.7 Missing transverse energy

The ATLAS detector cannot directly measure missing transverse energy from parti-
cles such as neutrinos in the Standard Model or potential new particles introduced
by physics beyond the Standard Model that do not interact with the detector. In-
stead, it is inferred from the components of the momentum imbalance in the trans-
verse plane. Momentum conservation in the plane transverse to the beam axis im-
plies that the transverse momenta of all particles in the final state should add up
to effectively zero. Given that there is no missing coverage from the detector in the
transverse plane, any momentum imbalance may indicate that particles invisible
to the detector systems were produced in the collision. This momentum imbalance
is known as missing transverse momentum (Er}liss).

The EITIliSS reconstruction estimates the amount of missing transverse momentum
in the detector using calibrated detector signals corresponding to the objects dis-
cussed earlier. The missing transverse momentum vector E1™S is calculated using
the missing transverse momentum components muons (1), electrons (e), photons
(v), hadronically decaying t-leptons, and jets along the x and y axes as

miss __ pmiss,p miss,e miss,y miss, T miss,jets miss,soft
B =Eiy) T Ee) TR TR ThRe) TRy o @2

where each term is calculated as the negative vectorial sum of transverse mo-
menta of energy deposits or trajectories of charged particles. Energy deposits in
the calorimeters and tracks are matched to reconstructed objects in an order cho-

(1)
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4.7 Missing transverse energy

sen to minimize double-counting of detector signals. The signals not associated
with reconstructed objects form the soft term, whereas those associated with the
reconstructed objects are collectively called the hard term. The soft term contains
contributions from the underlying event and pile-up interactions and may contain
contributions from the hard scatter. The vector E1™ provides the amount of the
missing transverse momentum via its magnitude, E%ﬂss, and its direction in the
transverse plane in terms of the azimuthal angle ¢ piss.

The resolution of missing transverse energy is affected by particle identification,
energy scale and resolution of the reconstructed and calibrated physics objects.
Object momentum measurement, calibration, and particles going through non-
instrumented regions of the detector also impact E1™ reconstruction. Momen-
tum contributions from pile-up interactions can enter into the E1™ calculation,
contaminating the estimate of the E1™ of the hard scatter interaction of interest.
These considerations are all taken into account in the E1™ reconstruction and
calibration algorithms. The E1™ reconstruction algorithm is described in detail
in [165].

(8)
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Statistical modeling

This chapter describes the methodology of using SMEFT described previously in
Section 2.3.1 to derive predictions and perform statistical tests with data. The
primary focus of this chapter is on the construction of the statistical model for
physics observables, based on SMEFT predictions.

The observables are generally cross-sections defined at the fiducial or reconstruc-
tion level. Cross-sections can be treated inclusively for low-statistics processes
or differentially for high-statistics processes, in which case they are modeled as
coarsely binned differential distributions of an observable.

Fiducial cross-sections have the advantage of being largely independent of recon-
struction effects. However, they must be explicitly constructed by applying the
inverse procedure of the reconstruction to the data, using an estimate from sim-
ulation. This procedure is schematically shown in Figure 5.2(a) and is commonly
known as unfolding. Fiducial cross-sections, expressed as regions of phase space
defined in terms of particle-level quantities, allow to define measurable cross-
sections that do not need to be extrapolated into the inclusive phase space and
thus have potentially reduced systematic uncertainties.

Alternatively, it is possible to directly obtain constraints on SMEFT parameters by
using the information at the reconstructed level in the detector where the SMEFT
predictions are needed at the detector level. These cover different ways in which
physics analyses can be performed and allow to define the interface between data
and theory.

To perform statistical tests in SMEFT, reliable predictions of the physical observ-
ables in terms of all the relevant SMEFT parameters is crucial. The SMEFT depen-
dence of observables relies on Monte Carlo simulations carried out at many SMEFT
configurations. Due to the large number of operators, the dimensionality of the
SMEFT parameter space is large compared to other theoretical models. This large
complexity makes it challenging to construct a probability model for observables
at the reconstruction level that is continuous in the model parameters, as a brute-
force empirical sampling and interpolation strategy will not scale. However, due
to the structure of SMEFT, it is instead possible to construct a probability model
that is continuous in all model parameters by mirroring the structure of SMEFT.
All differential distributions corresponding to single amplitude-squared terms are
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parameter-free in SMEFT. Parameters only enter via the Wilson coefficients that
multiply each term in the sum that represents the full SMEFT prediction for any
observable.

A statistical model for observables from Higgs data, constructed in this fashion
from SMEFT predictions, can be used to estimate the model parameters from the
observed data. Systematic uncertainties are captured in this inference, as their
effects are included in the statistical model and expressed through additional nui-
sance parameters that carry uncertainties defined by auxiliary terms.

5.1 Observables used in measuring Higgs boson prop-
erties

Measurements in the Higgs sector have rapidly evolved since the Standard Model
Higgs boson discovery in 2012. The discovery of the Standard Model was driven
by optimizing the expected overall signal strength of Higgs boson production at
the LHC. With a significant increase in the volume of the dataset, it is now possible
to measure the kinematic properties of the Higgs boson rather than relying on the
assumption of SM distributions.

The large dataset collected during LHC Run-2 gives access to perform a diverse
range of observables. This section describes the possible observables that have
been employed in measuring Higgs boson properties.

The relevant observables for studying the Higgs boson have steadily evolved from
inclusive observables such as total production cross-sections and branching ra-
tios. The state-of-the-art measurements provide detailed kinematic information
extracted in fiducial cross-sections, differential cross-sections, and simplified tem-
plate cross-sections. Detailed descriptions of these observables are available in [166].

5.1.1 Inclusive Higgs boson production cross-sections and branch-
ing ratios

The measurement of inclusive production cross-sections and branching ratios con-
stitute the first step towards studying the properties of the observed Higgs boson
and examining their compatibility with Standard Model prediction. The experi-
mental analyses were designed to measure the Higgs boson production in different
decay channels employing multiple event categories and multivariate techniques
to optimize the sensitivity to the signal strength in each of the production modes.
The ensemble of measured production and decay rates has been collectively in-
terpreted using the Run-1 style coupling framework, commonly known as the k-
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5.1 Inclusive Higgs boson measurements

framework [167]. The inclusive measurements of the signal strength of the Higgs
boson production in various decay channels are depicted in Figure 5.1.

ATLAS Run 2 e Data (Total uncertainty) Syst. uncertainty | SM prediction
T T T T T T T T T 7|5 ? f 1|° T T T
tH Hig—
;’15 [ E 1 I Il Il I 1
ttH H s
ggF+bbH E [ ]
VBF - 2
WH A e &
H—
ZH Bz HH
Il Il Il Il Il Il Il Il Il Il Il Il 11 1
0 1 2 1.2 3 4 0 1 2 1 2 3 0 1 2 012 3 4
bb ww T 2z 144 Hu

¢ x B normalized to SM prediction

Figure 5.1: Ratio of observed rate to predicted SM event rate for different combinations of
Higgs boson production and decay processes. The horizontal bar on each point
denotes the 68% confidence interval. The narrow gray bands indicate the theory
uncertainties in the SM cross-section times the branching fraction predictions.
Figure taken from [168].

The inclusive measurements allow quantifying the compatibility of the coupling
strength of various SM particles to the Higgs boson with the predictions of the SM.
In the k-framework, there is a direct relationship between the k parameters, the
inclusive production cross-sections, and the branching ratios. Analyses designed to
optimize the statistical significance of inclusive observables ensure that the most
sensitive values of the k parameters can be extracted. Such inclusive cross-section
measurements are not optimally sensitive to SMEFT as modification of SMEFT pa-
rameters may result in modified differential distributions with only small changes
in the corresponding inclusive cross-section.

5.1.2 Higgs boson differential cross-sections

The size of the dataset recorded in Run-2 of the LHC is sufficiently large to enable
measurements of kinematic distributions of the Higgs boson. In this regard, dif-
ferential cross-section measurements performed in Higgs analyses allow extract-
ing the Higgs boson’s kinematic and event-level information. Differential cross-
sections can be either measured in a fiducial manner matching the phase space of
the analysis or can be extrapolated to the total phase space. The former is termed
a fiducial differential cross-section, and the latter is termed a differential cross-
section.
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Figure 5.2: Figure 5.2(a) shows an example of the reconstructed observables, detector re-
sponse functions and the unfolded fiducial measurements of the Higgs boson
transverse momentum, p?, and the associated jet multiplicity, Njets, taken
from [169]. Figure 5.2(b) shows the unfolded fiducial differential cross-sections
from [169, 170] that are extrapolated to the total phase space shown on the

right, taken from [171].



5.1 Inclusive Higgs boson measurements

Fiducial cross-sections are defined on the particle level within a fiducial volume
of the detector acceptance. Figure 5.2(a) shows, as an example, the fiducial mea-
surement of the Higgs boson transverse momentum (pH) and the number of as-
sociated jets (Njets) performed in the H — ZZ* — 41 channel. Fiducial mea-
surements avoid model-dependent extrapolations into kinematic regions that are
much larger than the fiducial volume.

If desired, fiducial cross-sections can be extrapolated to the total kinematic phase
space, and these measurements are termed differential cross-sections. The extrapo-
lations usually consider Standard Model acceptance factors. These measurements
are useful to combine observable data from different channels. An example of the
extrapolated differential cross-sections is depicted in Figure 5.2(b), which shows
the combined differential cross-sections of the Higgs boson transverse momentum
(p?) and the number of associated jets (Nj¢s). The differential cross-sections
can be compared with state-of-the-art theoretical predictions for which the full
chain of MC simulation is not yet available. However, such differential measure-
ments are expected to depend on SM assumptions in the extrapolation and may be
less precise to the additional systematic uncertainties arising in this extrapolation.
For SMEFT interpretations, using measurements at the fiducial level is valuable
instead of extrapolated distributions.

The choice of differential observables is based on those that can be reconstructed
with sufficient experimental precision, especially in channels where the Higgs bo-
son decay products can be reconstructed fully. In addition to kinematic observables
related to the Higgs boson, such as the transverse momentum of the Higgs boson,
p', and the Higgs boson rapidity, yy, information on the associated jets can also
be used. Jet-related observable distributions such as the number of jets N, trans-
verse momentum of leading and sub-leading jets, pjT1 ,psz, and invariant mass of
the di-jet system, m;;, are also used to study Higgs boson production. Angular
observables such as the angle between Higgs boson decay products and the beam
axis or the azimuthal angle between the leading jets in the case of events contain-
ing two or more jets, Ad;;, are sensitive to spin, charge conjugation, and parity
properties of the Higgs boson. The effect of experimental reconstruction efficien-
cies and resolution effects, and migrations at the boundaries of the fiducial region
in a differential measurement are accounted for by the unfolding procedure as
discussed in [172].

While fiducial measurements for a small set of observables can be performed, these
are usually limited to decay channels where the Higgs boson decay products are
reconstructed precisely, such as the H — yy and H — ZZ* — 41 channels. The ob-
servables defined for these precision channels are not well-attuned to other Higgs
boson decay channels, where better sensitivity may be obtained in other observ-
ables. Fiducial cross-sections are explicitly optimized for minimal theory depen-
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dence, and acceptance corrections in measurements are minimized by using only
simple selection cuts.

With the current data volume, unfolding is usually performed only in a single
observable distribution at a time. The same data may, however, be unfolded mul-
tiple times for different observables. However, these unfolded datasets do not rep-
resent independent measurements and cannot be trivially combined in a single
measurement. Nevertheless, such combinations can be made using the bootstrap-
ping technique to estimate and account for the degree of correlation between
unfolded distributions. An example of this approach is given [170], where the
correlation between the cross-section measurements in bins of the observables
pYY, Nijets, M5, Adj5, and pjT] is given. For example, the A¢j; observable provides
sensitivity to CP-odd operators, whereas the remaining distributions allow probing
CP-even operators.

5.1.3 Simplified Template Cross-Sections

An alternative to the computing-intensive unfolding procedure used for some of
the precision channels is the Simplified Template Cross Section (STXS) [173] ap-
proach. In this method, binned distributions of observables at the reconstruction
level are measured in terms of contributions from Higgs boson production pro-
cesses that are kinematically sliced at the particle level in regions that are chosen
to be close to the reconstruction-level regions. In general, multiple particle-level
Higgs STXS cross-section bins will contribute to each reconstruction-level region,
as smearing occurs between the particle level and reconstruction level. By measur-
ing the sum of all particle-level contributions to each reconstructed region, the
smearing effect of detector reconstruction is effectively modeled at the course
granularity of the particle-level binning of the STXS regions. In effect, the STXS
approach amounts to an unfolding-by-fit of Higgs boson production cross-sections.

It is desirable to split out the production of the Higgs boson to maximize sensi-
tivity to SMEFT operators specific to a particular production mode. For instance,
the gluon-gluon fusion for Higgs boson production in association with two jets
radiating from the initial state has the same objects as the vector-boson fusion
production of the Higgs boson. Given that the Higgs boson has a rich decay phe-
nomenology, choosing observables that can be combined using individual channel
measurements is vital.

The STXS framework is designed to perform detailed kinematic measurements of
different Higgs boson production modes to maximize sensitivity within each pro-
duction Higgs boson production mode while minimizing theoretical dependence.
The sensitivity is achieved by extending the analysis techniques used for extract-
ing the inclusive production modes to optimize sensitivity to different parts of the
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5.1 Inclusive Higgs boson measurements

phase space. The optimization is achieved by incorporating selections at the recon-
struction level that match the selection of the kinematic regions defined within the
STXS framework. The latter is achieved in a manner similar to the fiducial differen-
tial measurements by ensuring that the STXS regions are close to the actual phase
space probed by the analyses and require minimal extrapolation. The STXS frame-
work provides a common definition to measure Higgs boson production across
different Higgs boson decay channels, which can be subsequently re-interpreted
in theoretical models as shown in the schematic in Figure 5.3.
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Figure 5.3: A schematic overview of the role of the simplified template cross-section taken
from [88]. Different Higgs boson analyses are designed to measure parts of
the phase space stated by the simplified template cross-section framework. The
simplified template cross-section measurements can then be further interpreted
in different theoretical models.

An important feature of the STXS framework is that it evolves with more data,
allowing for finer splits in the kinematic observables. The current STXS binning,
known as Stage 1.2, is described in detail in [174]. The major Higgs boson pro-
duction modes are separated into the following regions,

* gg — H: The kinematic bins for the gg — H mode are shown in Figure 5.4.
These bins include both the virtual and real electroweak corrections, for in-
stance, from the gg — Z(— qq)H process. The cross-section is first split into a
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low-pH region, pt! < 200 GeV, and a high-pH! region, pi! > 200 GeV, which is
sparsely populated but sensitive to SMEFT effects from high-momentum trans-
fer. The low-p! region contains most of the inclusive cross-section and is further
divided into regions with different jet multiplicities, i.e., O-jet, 1-jet, and > 2-jet
regions.

* qq — Hqq: The qq — Hqq kinematic bins are shown in Figure 5.4. These bins
include the vector boson fusion mode in the t-channel and the pp — V(— qq)H
process known as the VH-hadronic mode in the s-channel. These modes are
distinguished by employing a kinematic selection relying mainly on the invari-
ant mass of the di-jet system, m;;. Events are first separated by jet multiplicity,
where a jet is expected to have a transverse momentum of at least p1,/¢t > 30
GeV. The > 2 jet region can be studied well experimentally and is divided further
into regions with into mj; > 350 GeV and m;; < 350 GeV. The mj; < 350 GeV
region is further split into finer bins in m;;. The 60 GeV< m;; < 120 GeV targets
the VH-hadronic mode. The remaining bins within this region are expected to
contain many events from the ggF+2jet production mode. Measurements of the
my; > 350 GeV allow the separation of the VBF contribution. Furthermore, the
split at p? = 200 GeV and the binning in m;; allow isolating BSM effects. Selec-
tion criteria for the > 2 jet region in this process are aligned with those for the
ggH+2-jets STXS bin to decorrelate the measurement of the two regions better
and handle theoretical due to signal acceptance.

* V(leptonic)H: For the V(leptonic)H-production mode, the Higgs boson is pro-
duced in association with a vector boson that decays leptonically. The STXS
binning for this shown in Figure 5.5, where it is split into three processes,
q/q — W(— W)H, q9 — Z(— 1T17)H, and gg — Z(— "1~ )H. The hadronic
decays of the weak boson are covered by the qq — Hqq and the gg — H STXS
region. There is a further separation depending on the leptonic channel, which
allows the separation of the WH and ZH production modes. Within these bins,
the kinematic splitting in the transverse momentum of the associated vector bo-
son, p¥ or p%, provides a proxy for the transverse momentum of the recoiling
Higgs boson. This observable is sensitive to momentum-dependent deviations
from the Standard Model. There are further splits within the p\T/ regions into
different jet multiplicities.

* ttH: The Higgs boson production in association with a top-anti-top quark pair,
(ttH), is split into kinematic bins of the transverse momentum of the Higgs
boson and is shown in Figure 5.5. This observable is a good proxy to the energy
transfer of the ttH system and does not rely on top quark reconstruction.

The remaining rare production modes are either probed inclusively or merged into

previously defined STXS categories. The Higgs boson production associated with
a single top or anti-top quark (tH) is a separate inclusive bin. The contribution of
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the Higgs boson production in association with bottom-anti-bottom quarks, bbH,
is merged into the gg — H bins.
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Figure 5.4: A schematic overview of the role of the simplified template cross-section taken
from [88]. Different Higgs boson analyses are designed to measure parts of
the phase space stated by the simplified template cross-section framework. The
simplified template cross-section measurements can then be further interpreted
in different theoretical models.
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All kinematic splits are chosen carefully with experimental considerations in mind
and are expected to capture multiple modifications arising in the SMEFT frame-
work. Many of the chosen observables, e.g., p?,p\{, m;yj, provide access to momen-
tum transfer of the process and their distributions are thus sensitive to deviations
from beyond the Standard Model in the highly energetic regime. However, these
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Figure 5.5: A schema of the kinematic bins in the STXS framework for the ttH and the VH
production mode.

considerations are not necessarily expected to be fully optimized for measuring
SMEFT parameters. For instance, the STXS framework contains only kinematic
splitting and event properties pertaining to Higgs boson production. There is no
information on the decay, only the possibility to measure the branching ratios of
the Higgs boson decays.

In the STXS framework, it is generally assumed that the acceptance and the event
reconstruction efficiency are not affected by SMEFT operators. However, Higgs
boson decay kinematics can also be strongly modified by SMEFT operators and
can result in sizeable changes in the acceptance, in particular for 4-body decays,
such as H — ZZ* — 4l. These effects are discussed later in Section 5.3.3. All
STXS cross-sections are CP-even observables and hence do not have sensitivity to
the interference of CP-odd operators with the Standard Model.

5.2 SMEFT prediction for observables

SMEFT provides a theoretically elegant language to consistently interpret a large
class of new physics effects across different observables. The cross-section depen-
dence of all relevant Wilson coefficients affecting the observables must be known
to set constraints on SMEFT. The observable distributions at different configura-
tions of Wilson coefficient parameters are estimated through Monte Carlo simula-
tions. SMEFT Universal FeynRules Output (UFO) models such as SMEFTsim 3.0

[175, 176], SMEFTatNLO [177] can be interfaced with Monte-Carlo generators such
as MADGRAPH5 AMC@NLO [178] for the hard-scatter process and subsequently
with PYTHIA [179] for showering to obtain the particle-level events of the observ-
ables for a particular configuration of the Wilson coefficients. If needed, these
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5.2 SMEFT prediction for observables

events can be passed through detector simulation to obtain the observable distri-
bution at the detector level.

The Wilson coefficients are coupling strengths accompanying each operator in an
effective Lagrangian. The SMEFT Lagrangian from Equation 2.43 consists of an
expansion in terms of the inverse of the new physics scale, A where terms are or-
dered in powers of 1/A. From the matrix element relation, the square of the matrix
element amplitude (A) gives the cross-section in terms of the Wilson coefficients.
Considering only dimension-6 operators, the cross-section can be written as

6
osmerT < [AsmerTl® = Msm + ZAE 2
i
= |Asml?

l©)
1
+Z A2
1

(CIRVEN G.1)

(CEG))Z 2 ) (6) 1(6)%
+; T |+Z 2Re(A A"

i<j

Thus, the observables’ cross-sections are parametric functions of the Wilson coeffi-
cients. The cross-section predictions for any process in SMEFT can be broken down
into three separate parts:

OSMEFT = OSM + Oint + OBSM, (5.2)

where ogy is the SM cross-section, oj,; describes the interference between the
SMEFT operators and SM operators and is linear in the Wilson coefficients. The
opsm term involves cross-section contributions of SMEFT operators that is quadratic
in the Wilson coefficients.

To reduce the perturbative QCD uncertainty on the extraction of the SMEFT Wilson
coefficients, the parametrization of the predicted cross-section of Equation 5.2 is
computed as a relative correction to the SM prediction computed at the highest
available order for each process:

((N)N)NLO 0_(N)LO (N)LO

— t BSM

OSMEFT = GSM 1 + l(rliI)LO + (N)LO . (53)
SM SM

This calculation strategy assumes that higher-order terms have the same relative
effect on o, and ogsy as on ogy [180].

When considering only dimension-6 operators, it follows from Equation 5.2 that
Oine consists of terms involving the interference of the dimension-6 operator with
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Standard Model, suppressing each term by a factor A—2. The oggy terms involve
interference of dimension-6 operators with each other, resulting in a suppression
by a factor A—*. The lowest-order cross-section terms generated by dimension-8
operators that involve interference between SM and dimension-8 SMEFT opera-
tors are also suppressed by a factor A—#. As no complete calculations are available
yet for dimension-8 operators, it is not considered in the analyses presented in the
thesis.

From Equation 5.1, any observable Oy, for example, the cross-section of a given
process in a measurement bin b, can be expressed as

Op = O%M 1+ Z Apici + Z Bbiciz + Z Cbij Cicj |, (5.49)
i i

i<j

where O%M is the SM value and Ay, Bypi, and Cyyj correspond to the linear,
quadratic, and cross-term weights of the polynomial relative to the SM value. Once
the values of Ay, Bpi, and Cypy; are known, a continuous prediction of Oy in
terms of the Wilson coefficients is available.

SMEFT UFO models in Madgraph allow for generating separate contributions of
the matrix element squared, |[Agyrrr|® by making use of the syntax that allows
separating the different terms that arise from the matrix element squared in Equa-
tion 5.1. For instance in SMEFTsim [70, 175], NP*2==0,1,2 allows to separately
obtain the distribution of oy, Oj,, and ogsy in Equation 5.2 respectively. Being
able to separately generate the different contributions containing the information
of Aypi, Bpi, and Cyyj is crucial to extracting these weights.

For the linear contribution, oj,;, the term Ay for a particular Wilson coefficient c;
can be extracted by setting all but c¢; to zero and using the squared order syntax
NP~2==1. For the squared term of the same operators, which contributes to ogsy,
the term By for a particular Wilson coefficient, ¢; is extracted by setting all but
ci to zero and using the squared order syntax NP~2==2. For the cross term, the
NP~2==2 syntax can be used alongside turning on the two relevant coefficients at a
time, which then contains a distribution including the Cy; contribution alongside
Bypi and By; contributions.

In the latest version of SMEFTsim 3.0 [70], it is furthermore possible to combine
the NP~2 syntax alongside squared order syntax per operators. For instance, the
cross term Cyy; contribution can be directly extracted from the generator by using
the NP~2==2 NPci~2==1 NPcj~2==1, where ci, cj correspond to syntactic names
of the Wilson coefficients c; and c;j, respectively.

The morphing principle [181] generalizes this concept, providing the parametric
prediction of Equation 5.4 for a set of independent samples sampled at arbitrary
points in the SMEFT parameter space. The morphing method is discussed later in

M
Obu



5.3 SMEFT parametrization of Higgs boson measurements

the chapter alongside the C++ implementation within the RooFit package as the
RooLagrangianMorphFunc class [4].

5.3 SMEFT parametrization of Higgs boson measure-
ments

The spin-0 Higgs boson is a narrow-width particle, given the large difference be-
tween the mass and the decay width, i.e., my > I'y. In the narrow width approxi-
mation, and with vanishing quantum numbers, no information can be transferred
between the production and the decay vertex other than the four-momenta py of
the Higgs boson. The cross-section prediction of Higgs boson production and de-
cay factorizes into the prediction of the cross-section for Higgs boson production
0i_,H, as a function of its four-momenta, and the branching ratio B"—=X of the
Higgs boson decay, which can be evaluated in its rest frame as the ratio of the
partial decay width I’ =X and the total width of the Higgs boson I'*':

rH—)X

o 7FH

i—)H—)X( (55)

i—)H( H) .ABH—>X — O_i—>H(

pH) = o (p PH) -
The decay widths I'"=X and ', similar to cross-sections, are directly related to
the square of the matrix element amplitude, and their SMEFT dependence can
be modeled using Equation 5.1. The complete process o*"~X can thus be ex-
pressed in terms of individual components o' ~H, TH=X and ' each expressed

as polynomials of the Wilson coefficients.

To make a cross-section prediction for the signal at the detector level, the smearing
of particle-level distributions to reconstruction-level must be explicitly modeled us-
ing a confusion matrix ey; that expresses the fraction of events in truth bin j that
end up being measured in bin i at the detector level. Then, after adding the back-
ground estimate, the prediction for the expected event count in a reconstruction-
level bin-i becomes

N(iiet. _ Nliskg.,det. + Niig.,det. (5.6)
_ Nliakg.,det. + Z eijN?ig,,truth (5.7)
j
bkg.,det. 1
=N; g.det +Z €ijEUJ' .B. (5.8)
j

Here, Nd€t s the total number of events reconstructed in the detector, NEkg"det'

is the number of reconstructed background events, £’ is the luminosity, oj is the
Higgs boson production cross-section for truth bin j and B is the branching ratio
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Chapter 5. Statistical modeling

of the Higgs boson decay. In this thesis, the STXS framework is used to study the
properties of the Higgs boson.

The dependence of the STXS production cross-section and decay of the Higgs bo-
son in terms of the Wilson coefficients of SMEFT operators is captured by polyno-
mial functions. For each STXS region, a polynomial function is used to express the
kinematic dependence of the cross-section on the Wilson parameters. The partial
and total decay width also correspond to polynomials in terms of the Wilson coef-
ficients. The origin of the polynomial structure of the cross-sections in terms of the
Wilson coefficients is discussed earlier in Section 5.2. The factorized approach to
the modeling production and decay separately allows reducing the number of EFT
samples required from O(Nproduction X Ndecay) 10 OWproduction + Ndecay) where
Nproduction @0d Ngecay denote the number of Higgs boson production modes and
decay channels for which the parametrization is estimated.

The impact of SMEFT operators on production and decay, therefore, also factorizes
and can be derived independently. Thus, the cross-section for a given Higgs boson
production process i in the particle-level region k/ and for a given decay mode
H— Xis

L CHoX K HoX _ (i T T+ T ™
(0xBlgmerr = 9smerr X Bsmerr = (Osm 1 %ime T Bsm ) ¥ P,

The factorized SMEFT prediction is calculated with ratios, as in Equation 5.3 to
utilize the SM prediction at the highest available order:

ik

mt (NJLO + OBSM,(N)LO
LK

OsM,(N)LO

’
(O'XB]l K H—=X

i,k HoX
(oxB)g) SM, (N(N))NLO <1 +

SMEFT

(5.9

Xl
) T+ l1‘—5!)( + r}?ﬁsMX
o L(N)LO 1+ﬁ+?si‘§]aﬁ
where the ratios o0j,;/0osm and I /T'sm have a linear dependence on SMEFT oper-
ators and are suppressed by a factor A2, and the ratios oggy/0osm and Tgsm/Tsm
have a quadratic dependence on SMEFT operators are suppressed by a factor A—4.
In the analysis, these ratios are parametrized as

(8)
Outbd

O_i,k’ - 0_1 k! -
int ik BSM __ K
e _ZA) ; S = =) B ejer (5.10)
SM j SM i1
I]I;ltg)x ZAFHHXC };—lSI\_/I)X Z B C'C (5.11)
TH=X j j rHeX - 11 jel :
j j1=j
rH H
t r BSM
FI‘I*I —ZAJ cj TH = Z Bﬂ cjct, (5.12)
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with

H—X p TH=X
;FSM A].

H H
Al Bl =
j H—X jl

HoXprH=X
;rSM le

5 X (5.13)
X

In Equation 5.13 all Higgs boson decay modes X with up to four final-state parti-
cles are included in the sum. All Af"k', A; X Bjdf'k, and B; lH%X coefficients are
constant factors obtained from simulation that express the sensitivity of the pro-
cess to the operators 05 and O, that correspond to the Wilson coefficients c; and
c1, where the indices j, 1 run over all non-negligible operators. The coefficients A;
and Bj, are proportional respectively to A~2 and A4 The values of all SM Higgs
branching ratios that enter Equation 5.13 are taken from [88].

In the absence of calculations of dimension-8 operators, the SMEFT expansion is
considered valid when the parametrization, including the quadratic terms, approx-
imates the linear parametrization well. Conversely, in case of a difference between
the two, missing higher-dimension contributions are expected to have a consid-
erable contribution, and would have to be included to ensure expansion validity.
Both such cases are shown in Figure 5.6 where for the gg — H, Njets = 0,pH <10
region the c1 g parametrization agrees between the linear and linear + quadratic
case. For the ZH,p¥ > 250 region, the cﬁ ; parametrization exhibits a difference
between the linear and linear + quadratic case. In this thesis, results from two
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Figure 5.6: The dependence of the SMEFT modifier for the gg — H, Njers = O,p? < 101in
H — vy channel for cyyg (left) and the ZH,p\T/ > 250 in H — bb channel for

CS ()1 (right) for both the linear and the linear + quadratic parametrization. The
expected SM uncertainty is shown in gray for the two regions.
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statistical models are constructed for the interpretation of the data,
- linear : a linearized variant considering terms suppressed by up to a factor A—2.

- linear and quadratic terms : Here the quadratic terms of dimension-6 operators
entering the production, partial width, and total width are included. Although
this is an incomplete parametrization at O(A~%) due to missing contributions
from dimension-8 operators, it gives an estimate of the size of the O(A~%) cor-
rections.

5.3.1 Cross-section calculation with linear terms

In a scenario where A~4-suppressed contributions are ignored, the predicted devi-
ation of the cross-section, partial width and total width from their SM values can
each be explicitly linearized as a function of the Wilson coefficients c¢. Ignoring
all A—“4-suppressed BSM terms in Equation 5.9, and using the parametrization of
Equations 5.10 to 5.12, the expression for the cross-section times branching ratio
reduces to

- "H—X
Lk HoX ik HoX Gilﬁ];(N)Lo 1+ ll:ls%”x
(oxBlgymgrr = (0xBlgy (aomoneo X | T+ <0 A
Osm, Lo T+ Fi
SM
1+ Z A]rHHX ¢j
— (oxB)KHX S AT | |
SM,((N)N)NLO ; j j ] +ZA;~HC]_
j
1+ (A;r“‘/ +A{HHX) ¢j+0 (A%
= (GXB);JDZ/,]?Q}XNLO X : H ’
A((RON) 1+ A"y +0 (A4)
j

(5.149)

where all higher-order terms in the expansion are suppressed by power A~* or
beyond.

A subsequent Taylor expansion of the width ratio expression of Equation 5.14 and
truncation of terms beyond A~2 would result in a completely linearized expression
for oxB where,

LHOX
(0xBgpin2 =

1, H—X oi rH—X rH
(GXB)SM,((N)N)LO x |1 +ZAj Cj +ZA)- ¢j —ZAj ¢ (5.15)
j j j

= (@Bt amoro * [ 1+ (A7 +A]" 7 =Al" ) o |, (5.16)
j
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5.3 SMEFT parametrization of Higgs boson measurements

where all terms beyond O(A(~%)) are dropped. However, as the parametric depen-
dence of a Wilson coefficient in a branching fraction f is effectively of the form
¢/(1+f-c), the linearity in c of this expression assumed for small values of ¢ does
not hold for large values of c. This effect is particularly pronounced for operators
affecting Higgs boson decays with a large branching fraction, e.g., cyn, cpH, and
operators that have a large measured uncertainty that allows large values of c in
the error propagation. The parametrization for the gg — H, H — yvy is shown for
cHo and cig in Figure 5.7 where the linearized parametrization is shown to be
valid for small values of the Wilson coefficient.

9g9—H(=7y), O-jet plf < 10 99— H(=77), O-jet plf < 10
E L 6~ B
§ f — Taylor exp. I'" i [ — Taylor exp. I'"
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Figure 5.7: The dependence of the SMEFT modifier for the gg — H, Njers = O,p? < 101in
H — vy channel for cyg (left) and cig (right) for both the linear parametriza-
tion with (blue) and without (green) the Taylor expansion of the Higgs total
width parametrization. The expected SM uncertainty is shown in gray.

For the latest results presented in Chapter 7 the linear parametrization of Equa-
tion 5.14 is used whereas the other results in Chapters 6, 8, and 9 use the fully
linearized parametrization of Equation 5.16.
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5.3.2 Cross-section calculation with linear and quadratic terms

The SMEFT prediction, including the available terms proportional to A~ is:

H—X H—X
, , . - 1+ZA{ - cj+ > B)rl - cjer
ik H>X _ ik’ H—=X ik’ ik/ J ilzj
(0xB)simsr *(GXB)SM.((N)MNLO(]*]ZAJ' RANSH C’Cl) Aoy Blee '
= - Y5 it P Sl
j itz
(5.17)

ik H—X
= (0xB)sy(mmnLo”

jl

o5 x/ H—X [ r [P [P
ik r . . X ik H—X ik H—X ik H—X . 6
]+)_:<A]. +A] )CJ+ZJJ>J (B. +B5] +A; Ay ALV A )c)cl+0(/\ )
i
r
14y (AT™M) e+ 5 (BIH)c;cq+0(A—6)
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(5.18)

where both numerator and denominator are a second-order Taylor expansion re-
sulting in a linearized expression for terms of order A~2 and a quadratic expres-
sion for terms of order A~*. Similar to Equation 5.14, and for the same reason,
the width ratio expression in Equation 5.18 is not subjected to a further Taylor
expansion.

Additional terms suppressed by a factor A~4 occur in the general SMEFT ex-
pansion of Equation 2.43, i.e. the lowest-order cross-section terms generated by
dimension-8 operators that involve interference between SM and these operators.
As only a subset of Higgs processes have been calculated with dimension-8 oper-
ators [182-184], the list of terms suppressed by a factor A—* considered is in-
complete, and the effect of the missing dimension-8 terms relative to oggy is not
known in general. However, their effect may be of a magnitude comparable to that
of products of two dimension-6 SMEFT operators, as the suppression factor is of
the same order. For this reason, SMEFT interpretations are performed both with
and without the oggy contribution to give a general indication of the sensitivity of
the analysis to A~* terms.

5.3.3 Assumptions on SM Higgs boson kinematics

With the insertion of the SMEFT cross-section predictions of Equation 5.14 or 5.18
in Equation 5.8 describing the yield Ny, the effect of SMEFT cross-section mod-
ifications on the inclusive Higgs boson signal yield for each particle-level region
k’ is fully taken into account for every reconstruction-level region k. However,
the SMEFT operators may also affect other terms of the event yield, such as the
efficiency-times-acceptance factors ey; occurring in Equation 5.8.

In both the linear and linear+quadratic SMEFT models, it is assumed that the the-
oretical systematic uncertainties assigned to the acceptance factors ei;, which are
fully taken into account in the SM cross-section prediction, cover the possible ac-
ceptance changes induced by SMEFT operators in Higgs boson production through

(8)
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the full validity range of the SMEFT model. This assumption is motivated by the
similarity of reconstruction-level analysis regions to STXS and differential fiducial
regions, which are designed to be relatively insensitive to acceptance changes in-
duced by SMEFT operators. In addition, the rather fine binning of the Stage-1.2
STXS regions further reduce the possibility of significant variations of the accep-
tance factors inside each region. The effect of SMEFT operators on other observ-
ables used in the definition of the analysis regions, e.g., through multivariate dis-
criminants, is assumed to be negligible.

The effect of SMEFT operators on Higgs boson decays can strongly affect the accep-
tance factors eﬁ., since decays are not limited to a restricted fiducial phase space
in the STXS framework. For 2-body decays, such acceptance effects are generally
small. However, the four-body H— ZZ*— 4{ and H — WW* — {v{v decays are
significantly impacted by acceptance effects for these decays the impact factors
A7 and BY{ X are recalculated, including an approximate implementation of

the reconstruction-level requirements at the particle level.

Finally, if the signal yield distribution inside an analysis region deviates from the
SM distribution the measured yield may be biased. This effect is expected to be
negligible for all regions where the discriminant observable inside the region is the
reconstructed invariant mass of the Higgs boson, which is largely unaffected by
SMEFT operators. Regions that feature a multivariate discriminant as observable
can potentially be more affected by SMEFT-induced shape differences but are only
used in regions with low signal yields where it is assumed that any effect induced
by signal shape deviations is small compared to the statistical uncertainties.

5.4 Statistical Model

To be able to infer the SMEFT model parameters from an observed dataset, a statis-
tical model that quantifies the probability of all possible observable experimental
outcomes must be formulated. The likelihood function is constructed to perform
statistical inference and is the joint probability of observed data viewed as a func-
tion of the parameters of a statistical model. The most common and simplest form
of a likelihood function for observed particle physics data is that for a counting
experiment in a phase-space region, which is characterized by a Poisson distribu-
tion and features one observable - the event count N,y - and one parameter, the
expected event count Nexp, and is given by

(Nexp)Novs

—N
e exp, (5.19)
(Nobs )!

Poisson(Nops/Nexp) =

In practice, the expected event count Nexyp is expressed in terms of an expected
signal count s and expected background count b, and parameter p is introduced

1
o
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by multiplying the nominal signal count s, so that it expresses deviations from this
nominal expectation in a fit to the data, i.e. Nexp = p* s +b. From this basic
building block, a probability model for distributions can be constructed simply as
the product of a Poisson likelihood for each bin in the measurement:

L(zlp) = ] Poisson(Niluis; +by), (5.20)
iebins

where x denotes the data, N; corresponds to the number of events in data in
the bin, s; and b; correspond to expected signal and background events and pu =
{ui} is the set of signal strength of the bins. Systematic uncertainties arise from
experimental and theoretical sources and are modeled as nuisance parameters 6
that are incorporated into the likelihood function as

L(zlu,0) = [ ] Poisson(Niluisi(6) +b:(6)) [ [ Gauss(ole;, 1),  (5.21)
i€bins =

where each nuisance parameter 0; represents a source of systematic uncertainty.
si(0) and b;(0) include response functions that take into account the impact of
the systematic sources of uncertainties. In most cases, the response function for a
given nuisance parameter (0), denoted as n;(6), is applied to per-category event
yields of signals and backgrounds as

ni(0) =nd(1+0)°, (5.22)

where n‘f is the nominal event yield, and o is the variation of the event yield
caused by the nuisance parameter. If several uncertainties act on the same event
yield variable n;, several exponential factors are multiplied into n?. The shape of
the response function in practice is always obtained from the study of simulation
samples with and without a variation of one of the systematic uncertainties.

In the case where the uncertainty is asymmetric, a similar form is implemented us-
ing the FlexibleInterpVar class (with the option icode==4) of the HistFactory
package [185, 186]. The asymmetric form is a generalization of Equation 5.22
where the positive uncertainty is used for o when 6 > 0, and the negative uncer-
tainty when 6 < 0. It also ensures a smooth transition between the two cases at
® = 0. In some cases when the variation o is small, the form

ni(8) =nd(1+00) (5.23)

is used instead. The likelihood function is implemented in the ROOT software
package using the RooFit [187] and HistFactory [185] toolkit.

Finally, uncertainties from finite simulation statistics that were used to calculate
the nominal values of s; and b; are introduced. This procedure nominally intro-
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duces one additional nuisance parameter, quantifying the Poisson simulation statis-
tics uncertainty, for each estimated s; or b;. This approach would result in a large
number of additional parameters in a realistic model, so an approximate procedure
known as Beeston-Barlow light is used in practice, which only models the Poisson
uncertainty due to simulation statistics on the sum of all s; and b; counts in bin i,
either as a Poisson or as Gaussian in cases the statistics are sufficiently large. This
light procedure introduces only a single nuisance parameter for each bin and is
only implemented for bins where simulation statistics are not large compared to
the data statistics.

Predictions for SMEFT are introduced in the SM Poisson probability model of Equa-
tion 5.21 by replacing the parameters w; with the SMEFT cross-section expression
divided by (0 x B)sm. This substitution explicitly only considers SMEFT modifi-
cations to the signal and not to the background, but corresponds to the approach
chosen for all analyses covered in this thesis.

5.5 Statistical Inference

From the likelihood function, a variety of statistical inference procedures can be
followed to make statements on the SMEFT model parameters. The first of these is
the estimate of the parameter values for which the data is the most probable. The
Maximum Likelihood Estimator procedure defines the values & as those for which
the likelihood function L(x) is maximal. In practice, this maximum-finding proce-
dure is performed numerically using the MIGRAD method of the MINUIT2 pack-
ages [188], which minimizes the negative logarithm of the likelihood function.
The MIGRAD function minimization uses the variable metric method developed
by Fletcher, Davidon, and Powell [189, 190].

Uncertainties associated with these parameter point estimates can be quantified in
two ways. The first method estimates the variance of the parameter estimate, cal-
culated as the inverse of the curvature of the likelihood at the likelihood maximum
expressed as the second derivative, 9%L(e)/da?. In case of multiple parameters,
the matrix of all second derivatives, {0%L(«, o5)/0x; 0}, also known as the Hes-
sian Matrix, is inverted into the covariance matrix Vij , expressing the (co)variance
of all measurement parameters. Although the variance is well-defined for all sam-
ple sizes as the second moment of the parameter distribution, the customary in-
terpretation of variance interval as corresponding to 68% is only calibrated in the
asymptotic limit of Gaussian distributions.

For this reason, a second uncertainty estimation procedure is additionally de-
ployed that has a more robust probabilistic calibration. Known as the Neyman
construction, this procedure samples all possible experimental outcomes x for each
parameter value « and measures in interval x that captures 68% of all possible

Onw
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values. The volume in the (x, «) plane that is spanned by these 68% intervals in
x for each value of « is known as the confidence belt. The intersection of this
confidence belt with an observed value x, defines an interval in «, that is by
construction, calibrated to contain the true value of « in 68% of repeated identi-
cal measurements. For complex realistic measurements, where there is far more
than a single observable x that characterizes the observed data, a preprocessing
step is performed: for each measurement, a test statistic t«(x) is calculated, i.e., a
function of the data, that summarized all available information into a single num-
ber, the value of t,(x), which can be used in place of the nominal observable x in
the Neyman construction. The Neyman-Pearson lemma states that it is possible to
construct such a test statistic without loss of information by choosing a likelihood
ratio as a functional form. The test statistic is given by

to = —2Log (52;) = —2LogA(a), (5.24)
where A(«) is called the profile likelihood ratio. The original Neyman-Pearson like-
lihood ratio does not account for the existence of nuisance parameters, which are
numerous in the likelihood functions considered in this thesis. As the value of the
profile likelihood, in principle, depends on the values of the nuisance parameters,
a procedure must be introduced to specify their value. The convention at the LHC
is to choose their best-fit value in both the numerator and denominator, i.e.,

Ala) = [(50) ' (5.25)
where in the numerator, the nuisance parameters correspond to their profiled val-
ues é, which maximizes the likelihood function of fixed values of the parameters
«. In the denominator, both the parameters of interest and nuisance parameters
are set to the values & and 8, respectively, jointly maximizing the likelihood. In the
asymptotic regime, where the likelihood is approximately Gaussian, the value of
—2InA(w) follows a x? distribution with the number of degrees of freedom (d.o.f)
equal to the dimensionality of the vector .

5.6 Nuisance Parameter Pruning

The likelihood function of Equation 5.21 typically contains numerous (100-1000)
nuisance parameters that parametrize systematic uncertainties. As the computa-
tion time of the statistical inference techniques described in Section 5.5 scales
either linearly or quadratically with the number of parameters, large numbers of
model parameters can substantially slow down calculations. In practice, many nui-
sance parameters for a given likelihood will only contribute marginally to the total
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5.6 Nuisance Parameter Pruning

uncertainty of the parameters of interest. They can be eliminated from the function
with a minimal loss of accuracy in exchange for a substantial increase in computa-
tional performance. The procedure to identify these weak nuisance parameters is
known as pruning and is described below.

Initial HESSE matrix Reduced HESSE matrix
M L 0y 0, 0, [ 0 - [
" 2L A ) m ‘,Tl' )"‘j/ "")‘ )"';"
e Opi1 Opt, Opuy 00, Dpr 90, Op1: 00, It Opa Opry Opua 96, Dpur 063,
Reduce such that . . 7 .
PO N A o A *L_ - PL P e el
By Ojin O Opn 00 B D0, By 00, S(epors) < threshold Ot Opin O OO0 Otin 005,
L : ] S 0| 2L
o By 001 : 8 By 00,
Parameters of Interest
smallest set of relevant NPs o, 9L

o | 2L
By 00,y
relevant NPs after pruning

R [P 4 set of all NPs
By1 00, 0"

Figure 5.8: Schematic for the pruning procedure, the HESSE matrix is reduced by the aim
to identify the largest set of nuisance parameters such that the change in uncer-
tainty of the parameters of interests is less than a threshold.

For the pruning procedure, the full likelihood function is first approximated by
its Hessian matrix, i.e., only the curvature exactly corresponding to the measured
covariance matrix of the parameters is retained.

The HESSE matrix approximates the full likelihood function as a multivariate Gaus-
sian. A set of nuisance parameters to prune is identified by performing a set of
linear algebra operations on the HESSE matrix. A group of nuisance parameters
is tested to be prunable by fixing their values and removing their uncertainty con-
tributions to the Hessian matrix. If the collective effect of removing this group
reduces the total uncertainty on the POI to less than a threshold amount, typically
1%, the group is determined to be prunable. A sketch of the reduction based on
the HESSE matrix is shown in Figure 5.8. The pruning procedure is performed for
the expected and the observed dataset separately, as there can be differences in
the Hessian for the two cases.

In order to identify the largest set of nuisance parameters that can be pruned, it
is necessary to rank each nuisance parameter by order of importance based on
its impact on the parameters of interest. The following ranking method is deter-
mined to be the most effective metric in identifying the largest group of nuisance
parameters based on a threshold and is given by

Ofull o O.teduced
Rank(Oynp) = max 4 |5, 5.26
(Onep) i€{POIs} oLl (5.26)
1
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where the o; denotes the uncertainty of the ith parameter of interest and the
labels full and reduced denote the cases where the uncertainties are estimated from
the full and Onp-reduced HESSE matrix, respectively. Once the rank is estimated
for all nuisance parameters, the second step involves a binary search to identify
the largest ranked nuisance parameter such that the group consisting of all the
subsequent lower-ranked nuisance parameters does not change the uncertainty of
any parameter of interest by more than the threshold.

= No pruning == Pruned likelihood
15 15— T T T T T T 15
< < <
£ £ £
¥ ¥ ¥
10} 1 10 10| E
5F 5 5
ol N/ ol S ) T N
06 08 1 12 14 16 18 2 06 08 1 12 14 16 18 2 06 08 1 12 14 16 18 2
Hggr Hver HiH
15 15
< < _— T T T
£ £ g — Observed 68% CL
8 - -- Observed 95% CL |
C\‘I C\‘I é +* Best Fit

10+ B 10+ B ®sm

. . n T . I h L | I I
06 08 1 12 14 16 18 2 0 06 08 1 12 14 16 18 2
Hwh Hzn

Figure 5.9: A comparison of the 1D profile likelihood scan for the pruned and full likelihood

for the five parameters of interest (LggF, LVBF, BWH, MuzH, MugiH) and a
comparison of the 2D profile likelihood scan for (o44F, ovpr) where o is the

cross-section estimated by o; = o™ x u;.

The closure of the procedure is demonstrated on the combined statistical model
of the Higgs boson analyses used to measure the signal strength of Higgs boson
production cross-sections ggF, LVBF, HttH, BwWH, HzH based on 80 fb—'of data
and containing 1433 nuisance parameters in the statistical model. For a threshold
of at most 1% change in the uncertainty of the parameters of interest, 914 nui-
sance parameters can be pruned, which resulted in a MIGRAD minimization time
of 1h37min corresponding to a factor three speedup. The change in uncertainty
estimates due to the pruning procedure is tabulated in Table 5.1. In this exam-
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estimate with | relative change in | relative change in
POI no pruning central value uncertainty
HggF | 1.0384 £0.0922 —0.02% 0.97%
wyer | 1.210+£0.228 0.17% 0.84%
pwr | 1.297 £0.389 0.08% 0.24%
WzH 1.049 +£0.299 0.04% 0.42%
WetH 1.207 +0.252 0.2% 0.9%

Table 5.1: The estimate of uncertainty from HESSE before and after pruning, with a thresh-
old of at most 1% change in the uncertainty of the parameters of interest.

ple, the pruning algorithm terminated the search for the set of prunable nuisance
parameters, having reached the maximum allowed change for the uncertainty on

HggF-

The impact of the pruning is checked with profile likelihood scans, as shown in
Figure 5.9, which do not rely on the Hessian approximation used in the pruning
and show that the contours obtained with the pruned likelihood function are very
close to those obtained with the full likelihood function.

5.7 Effective Lagrangian Morphing

The effective Lagrangian morphing approach [89, 191] provides a method for
modeling observable distribution as a function of the EFT parameters. It results in
a continuous description of the observable in the parameter space based on the
structure of the matrix elements and Monte Carlo templates provided.

The matrix element relation in Equation 5.1 is a linear combination of predicted
cross-section components which correspond to phase space integrals which are
scaled by the Wilson coefficients. This structure of the equation allows to describe
the prediction o;_, ¢ as a polynomial function of the vector of couplings ¢ with the
help of individual pre-calculated phase space integrals, i.e., templates generated
for some fixed EFT (scenarios A, B, ...). These integrals can be pre-computed at
the truth or detector levels, the latter in case the simulation is extended to include
the detector. The basis of the phase space integral is mapped to the available
predictions {A, B, ...} with the morphing matrix M. The elements of the morphing
matrix are composed of the coupling polynomial for the different configuration
{A, B, ...}. The coupling polynomial scales each of the phase space integrals.

103



104

Chapter 5. Statistical modeling

The values of the coefficient ¢; for which these templates are generated do not
need to follow a rigid grid-like pattern, where individual couplings would be cho-
sen at a value of either 0 or 1.

Some Monte Carlo generators allow to separately generate each of the terms that
enter Equation 5.4 as described in Section 5.2. In this case, the individual tem-
plates do not correspond to physical scenarios, but constructing the cross-section
as a function of the Wilson coefficients is o(c) is straightforward. The morphing
matrix M, in this case, is fully diagonal,

Ta
M = Ax.B . (5.27)

Where the first row in Equation 5.27 corresponds to the SM contribution generated
by configuration A, second term to configuration B corresponding to the linear con-
tribution of the cross-section that behaves as cx as so on. In the general case that
MC generators can only provide physically meaningful scenarios and not isolated
terms, the morphing matrix can still be constructed from such samples. However,
the matrix will acquire non-diagonal elements in that case, and sampled points in
the parameter space must be chosen so that the matrix is invertible.

The phase space integrals can be inferred from the provided templates by linear al-
gebra: The total number of predictions of o;_, ¢ at arbitrary coordinates ca, cg, . . .
must correspond to the the number of terms in the polynomial. The general mor-
phing matrix M is

2
TA XA “© Cxa “°° CXACYA
M= 13 CX,B - C%(,B v CX,BCYB |- (528)

The complete morphing function o;_,¢ (¢), which provides a description of the
cross-sections for any value of the couplings in terms of the available predictions
Oa,0B,..., where o denotes the cross-section of the kinematic distribution of an
observable, is defined as

OA
oinsle)=M""-|op |, (5.29)

and is calculable as long as the morphing matrix M is invertible. The inverse of
morphing matrix allows to calculate the weights in the polynomial dependence
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and evaluate the cross-section at any coordinate and the function o;_.¢ (c) is
called the morphing function. Invertibility on the morphing matrix can always be
achieved as the couplings ¢ can be chosen not to be a degenerate set when gener-
ating the samples.

The morphing approach is capable of extracting the cross-section components from
any sufficiently robust set of pre-computed phase-space integrals for explicitly gen-
erated single integrals, corresponding to a fully diagonal morphing matrix, as well
as for integrals with mixtures of different contributions as well as any combina-
tion.

5.7.1 RooFit implementation

The Effective Lagrangian Morphing methodology is implemented within the RooFit
library [192]. RooFit is an object-oriented language to describe probability models
and is widely used in high-energy physics. It is available within the ROOT software,
which is an open-source data analysis framework used in high-energy physics and
other domains. The RooFit language allows users to construct probability mod-
els of arbitrary complexity by expressing the relation between observables and
probability functions as an expression tree of RooFit objects by designing all the
relevant mathematical concepts as RooFit classes. The RooLagrangianMorphFunc
software that is discussed in the following section is included from ROOT release
v6.26 onwards.

The RoolLagrangianMorphFunc class [4] in RooFit implements the Effective La-
grangian Morphing method [181] described in Section 5.7. The morphing distri-
bution can be constructed for an arbitrary number of parameters c as long as the
required number of non-degenerate samples are provided as input to the morph-
ing function. The morphed distribution provides a continuous description of the
observable distribution in the parameter space, as spelled out in Equation 5.29.
The RoolLagrangianMorphFunc implements the morphing as a sum of functions
where each of the functions is given by a RooLinearCombination object. The
RoolLinearCombination class implements the underlying summation of weight in-
volved for each template as a Kahan sum to reduce the loss of numeric precision
that may occur in the repeated addition of a large number of summation terms.

A

RoolLagrangianMorphFunc::Config object allows to streamline the creation of a
morphing function. It can be used to configure the observable name, necessary
parameters, coupling structures, and the input templates required to define a mor-
phing function. Once created, the morphing function describes the observable dis-
tribution for any coordinate in the parameter space.

105



106

Chapter 5. Statistical modeling
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Figure 5.10: Schema showing the design of RooLagrangianMorphFunc class in RooFit for
a simple case involving an effective Lagrangian function with two parameters
gsm and ggsm. The cross-section ooy is a distribution of an observable and
defined for any (gsm, gssm) in terms of the input templates of the observable
denoted by {osm, Oumix, Ossm)- In the above, the observable distributions corre-
spond to (gsm, gssm) = {(1,0), (1,1), (0, 1)} respectively. Published in [4].

The user is required to input observable distributions sampled at points in a non-
degenerate set of parameter coordinates (corresponding to o4, 0p, ...in Equa-
tion 5.29) and the corresponding parameter card, which is used by the class to
construct the morphed distribution in terms of the parameters c¢. The input data
are expected to be structured in the manner shown in Figure 5.11, where samplel,
sample2, and so on correspond to the different input folders (TFolder), and the
histogram_distribution argument represents the template distribution that is
picked up by the morphing function (TH1). The param_cards (TH1 with labeled
axis) argument contains the truth parameter values for the corresponding sample.
The axis label corresponds to the parameter names, and the entry for the corre-
sponding parameter is the truth value. The flags object (TH1 with bin labels) con-

(1)
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inputs.root

H ] samplel

(—histogram distribution
— param card
—flags

H ] sample2

(—histogram distribution

{— param_card

—flags

Figure 5.11: Expected structure of input ROOT file provided to the morphing function. Pub-
lished in [4].

tains the information of powers of A2 that is included in the simulated sample.
The flags axis is given by {nNPO, nNP1, nNP2, ..} which corresponds to parameters
to track the contributions of order A~2. The flags label if the simulated samples are
solely comprised of the SM contribution {nNP@=1, nNP1=0, nNP2=0}, SM-BSM in-
terference {nNP@=0, nNP1=1, nNP2=0}, BSM-BSM interference {nNPO=0, nNP1=0,
nNP2=1}, or a combination of them {nNPO=1, nNP1=1, nNP2=1}.

5.7.2 Usage

The construction of a morphing function is efficient, with the most expensive steps
in typical cases being the matrix inversion of the morphing matrix as represented
in Equation 5.28 in order to obtain the weight matrix and the I/0O of the ROOT
file containing the input templates. This inversion needs to be done only once at
the initialization phase. Both the linear and quadratic BSM operator terms are
considered, hence the number of terms in the polynomial scales as given in Equa-
tion 5.30. The dependence of the initialization time of a morphing function and
the evaluation time of the morphing function on the number of EFT parameters is
shown in Figure 5.12.

The number of required input template distributions depends on the number of
terms in the polynomial relation. For n parameters with a single insertion of EFT
operators in the Feynman diagram, the total number of samples N that is required
to construct the morphing distribution is given by,

n+1 , for linear terms in the BSM operators

N = 2
n +%n+2

(5.30)
, for linear & quadratic BSM operator terms.

(8)
OQb
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Figure 5.12: The dependence of the CPU time of the morphing as a function of the number
of EFT parameters. The initialization time is shown in blue on the left, and
the evaluation time is shown on the right. The initialization time estimate
corresponds to the median value of the initialization call executed 5000 times.
The evaluation time estimate corresponds to the median of 5000 calls to the
morphing function evaluated at randomly chosen parameter values. Published
in [4].

All input templates and their sampling coordinates in the parameter space must
be specified in one transaction to the constructor to construct the C++ object of
the morphing function. For ease of use, the RooLagrangianMorphFunc object can
be configured with a RooLagrangianMorphFunc::Config, which can be initialized
step-by-step by the user adding one at a time the relevant couplings, input sam-
ple names, and the path to the ROOT file containing the input templates to the
morphing function as shown in the example Listing 1. Alternatively, the morph-
ing function can be constructed through the RooWorkspace factory language, as
shown in the example in Listing 2 where a named-argument syntax compared to
that of other RooFit operator classes can be used to structure the input informa-
tion. The snippets for the example usage of the morphing function with a single
and multi-parameter use case are taken from the tutorials available within ROOT.

5.7.2.1 Example use case with one morphing parameter

A minimal example of the Lagrangian morphing use case is when one parame-
ter affects one distribution. As an example the pp — WH with H — bb, gener-
ated with MADGRAPHS [193], and a single insertion of a non-SM operator (Opsm)
(‘)S ()4 is chosen from the Warsaw basis [194], using the SMEFTsim model [70, 195]
where the single insertion of EFT operators per diagram is considered. Three non-
degenerate input distributions are required to construct the morphing function for
this case. The samples provided as inputs to the morphing are the SM contribution,
the interference of the operator with SM, and the squared order contribution of
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RooRealSumFunc
morphfunc

RooProduct RooProduct
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Figure 5.13: Tree structure of dependency graph of the underlying RooFit objects in the
morphing function used in the 1D example. Published in [4].

phys_cHg3_NPsql
RooReal Var
pTV

phys_cHg3_NPsq2

phys_SM_NPsq0

RooProduct
morphfunc_pol1

RooProduct
morphfunc_pol2

RooRealVar
cHa3

the operator for C](_? c)] = 1.0 generated using the NP~2==x syntax, where x is 0,1,

or 2 respectively. The computational graph of the RooFit function objects built by
the morphing function is shown in Figure 5.13. The input distributions and the
predictions computed by the morphing functions are shown in Figure 5.14.

The code snippet to perform this computation using RooLagrangianMorphFunc
is shown in Listing 1. The corresponding RooWorkspace factory interface usage,
which can be used as an alternative means to the same end, shown in Listing 2.

Input templates for pV Morphed templates for selected values Morphing prediction
"
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Figure 5.14: example of the Lagrangian morphing for a one-parameter case. The input dis-
tributions are shown on the left. The morphing prediction for select parameter
values is shown in the center. The continuous description of the morphing func-
tion as a function of the parameter is shown on the right. Published in [4].

Multiple parameter use case

The RooLagrangianMorphFunc class can be extended to handle arbitrary complex-
ity in parameters and observable distributions simultaneously model multiple 1D
distributions. This example uses the same process as Section 5.7.2.1, but now,
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std::string infilename = "inputs/input_histos.root";
std::string obsname = "pTV";
std::vector<std::string> = {"SM_NPsq0", "cHq3_NPsql", "cHq3_NPsqg2"};

cHg3("cHg3", "cHg3",0,-10,10);
Sm(IISMII , IISMII,l);

cHg3.setAttribute("NewPhysics", true);

RooLagrangianMorphFunc::Config config;
config.couplings.add(cHg3);
config.couplings.add(sm);
config.fileName = infilename.c_str();
config.observableName = obsname.c_str();
config.folderNames = samples;

RooLagrangianMorphFunc morphfunc("morphfunc","morphfunc", config);

Listing 1: Setup for a simple, one-dimensional morphing. The RooFit classes shown in the
diagram in Figure 5.10 are color-coded here accordingly. Published in [4].

ws . factory("lagrangianmorph: :morph(
$fileName(’inputs/input_histos.root’),
$observableName(’'pTV'),
$couplings({cHq3[0,1],SM[1]}),
$NewPhysics(cHq3=1),
$folders({’SM_NPsq0’, 'cHg3_NPsql’, 'cHq3_NPsqg2’}))");

Listing 2: Setup for a simple, one-dimensional morphing using the RooWorkspace factory
interface. Published in [4].

three different operators are introduced: O](f 2], (‘)ﬁ'l], and Oypp, with three cor-

responding Wilson coefficients as parameters: c(ﬁ 3, 01(131) , and cqpp. Following

Equation 5.30, ten input samples are required as input templates for the morph-
ing samples for this example. The ten samples used here as inputs correspond to
four classes,
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Figure 5.15: example of the Lagrangian morphing for a multi-parameter use case. The

figure shows the comparison of a fit to a pseudo dataset generated at

CHDD = 0.2,05131) = 1.0,C|(_i’ g] = 0.01 as well as the correlation matrix. Pub-

lished in [4].

e SM: the sample corresponding to the SM term in Equation 5.4 generated using
NP~2==0.

* SM-BSM Interference: three samples linear in ¢, generated using NP~2==1 and

by setting one of {c](j';, CSB, cHpDJ to ¢ = 1.0 and the remaining ones to 0.

* BSM Square: three samples quadratic in ¢, generated using NP~2==2 and by

setting one of {cﬁ' ;, C1(131) , CHDDJ to 1 and the remaining ones to 0.

* BSM-BSM Interference: three samples including the contribution of c;c;, ciz, cj2

(i # j), generated using NP*2==2 and by setting two of c,(i)], 01(131)’ cHpD to 1
and the remaining ones to 0.

The morphing distribution for an example point in the parameter space is shown
in Figure 5.15.

Parametrization scenarios

As discussed in Section 5.3, the parametrization for the cross-section can also be
modeled as a ratio of polynomials when modeling the EFT behavior of produc-
tion and branching ratio separately. The total cross-section in this scenario can be
represented with the new RooRatio class, which provides the option to build the
products and the ratio of individual RooAbsReal function objects. To this end, the
RoolagrangianMorphFunc implementation provides a dedicated makeRatio method
to construct the ratio of morphing functions as shown in Listing 3. The same con-
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struction can also be achieved with the previously presented morphing functions,
which can also be achieved with existing morphing functions. The syntax for that
is shown in Listing 4, using the RooWorkspace factory interface.

RooArgList nr(morphfunc_prod,morphfunc_partial_width);
RooArgList dr(morphfunc_total_width);

auto ratio = RoolLagrangianMorphFunc::makeRatio("ratio","ratio", nr, dr);

Listing 3: Usage of the makeRatio method to construct a ratio of morphing functions. Pub-
lished in [4].

ws.factory("Ratio::ratio({morphfunc_prod,morphfunc_partial_width},
{morphfunc_total_width});

Listing 4: Creation of a ratio of two morphing functions with the RooWorkspace factory
interface. Published in [4].

Taylor Expansion

The RooPolyFunc::taylorExpand method provides the Taylor expansion of any
function for a set of parameters with subsequent truncation at either first or second
order for improved interpretability of the result. Listings 5 and 6 shows the usage
of the truncated Taylor expansion formalism in C++ and the workspace factory
language, respectively.
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auto prodxBR_taylor = RooPolyFunc::taylorExpand("prodxBR_ taylor",
"prodxBR_taylor",

prodxBR,

RooArglList(parl,par2),

0.0,

2);

Listing 5: Usage of the automatic Taylor expansion to obtain a morphing function at
quadratic order based on a ratio of cross-sections and branching ratios. Published
in [4].

ws.factory("taylorexpand: :prodxBR_taylor(prodxBR, {parl,par2},0.0,2);

Listing 6: Usage of the automatic Taylor expansion with the RooWorkspace factory interface.
Published in [4].
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SMEFT Interpretation of H — vy,
H — 41, and VH,H — bb

This chapter presents a combined interpretation of the STXS measurements of the
H — vy, H— 41, and (VH)H — bb channels in terms of SMEFT parameters. The
STXS measurements from these channels provide kinematic information on Higgs
boson production in all five major production modes. Additionally, the H — vy
channel provides sensitivity to the inclusive cross-section of the rare production of
tH. The analyses are designed to measure the Standard Model Higgs boson pro-
duction contributing to the different regions defined within the STXS framework.

The statistical combination of the three analyses allows for maximizing the exper-
imental sensitivity of the channels in different kinematic regions of Higgs boson
production thus enabling to probe an unprecedented number of parameters in the
SMEFT parameter space simultaneously. The allowed deformations to the Stan-
dard Model due to New Physics that is decoupled in these kinematic regions are
captured by measuring all sensitive SMEFT parameters that affect Higgs boson
production and decay.

The SMEFT operators must be constrained simultaneously to ensure that corre-
lations between parameters are captured. A simultaneous constraint is necessary
for a consistent interpretation, ensuring that the results can be used further for a
global fit with constraints from other experiments or can be interpreted within a
UV specific model.

However, given that numerous operators affect the observables, it is not possible to
constrain all of them simultaneously. It is necessary to define a subset of sensitive
parameters before the combined likelihood fit is performed.

6.1 Input Analyses

The input analyses entering the combination make use of the full Run-2 dataset
with an integrated luminosity of 139 fb—'at \/s = 13 TeV. The references to the
input analyses are shown in Table 6.1.
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Chapter 6. SMEFT Interpretation of H — yy, H — 41, and VH,H — bb

Analysis Integrated Reference
luminosity ()

H — vy (ggH,VBF,WH, ZH, ttH, tH) 139 [109]

H— ZZ*—4( (ggH,VBF,VH, ttH+tH) 139 [196]

H — bb (WH, ZH) 139 [197]

Table 6.1: The decay channels, targeted production modes, and integrated luminosity used
for each input analysis of the combination and the references for the input anal-
yses.

The increase in center-of-mass energy to 13 TeV in Run-2 from 7,8 TeV in Run-1
increased the production cross-section as shown in Figure 2.8 and the correspond-
ing increase in dataset size to 139 fb—! from 25 fb~' vastly improve the number
of Higgs bosons produced. Furthermore, advancements in analysis techniques in
the individual channel improve the measurement of Higgs boson signal in different
kinematic regions. The increase in the number of Higgs bosons between Run-1 and
Run-2 is visualized with a side-by-side comparison of an observable distribution
from each input channel as shown in Figure 6.1.

6.1.1 H— vy

The STXS analysis of the H — vy channel is described in detail in [109]. Despite
the low branching ratio (0.227%), the H— vy channel provides a clean environ-
ment to study Higgs boson properties thanks to the excellent performance of pho-
ton reconstruction and identification, resulting in a clear experimental signature.
The signature is a narrow resonance at my in the m,, distribution with a width
consistent with detector resolution and rising above a smooth background. The
background to the Higgs boson signal consists of continuum yy production, vj,
and jj production, where jets are misidentified as photons.

The analysis requires two isolated photons such that p{, ding’/Myy > 0.35 and
PsTubleading/ m,+ > 0.25 optimized for the SM Higgs boson mass. The photons
are required to have rapidity n in the range [n| < 2.37 and outside the range
1.37 < In| < 1.52, which correspond to relevant regions of the EM calorimeters.
Jets are required to have pt > 25 GeV and be in the rapidity range of |y| < 4.4.
Jets with n| < 2.5 are tagged for b-hadrons with the DL1R b-tagging algorithm at
different working points {60%,70%, 77%, 85%} to construct a pseudo-continuous
b-tagging score.

Muons are selected with pt > 10 GeV, n| <2.7 and are required to satisfy the
MEDIUM identification requirements, as defined in [201]. Electrons are required
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Chapter 6. SMEFT Interpretation of H — yy, H — 41, and VH,H — bb

to have pt > 10 GeV, [n| <2.47 and are required to satisfy the MEDIUM selection
criteria as defined in [202]. The missing transverse momentum is defined as the
negative vector sum of the transverse momenta of the selected objects and the re-
maining transverse momenta of the low-p particles associated with the diphoton
primary vertex as defined by the procedure in [203]. Top quarks are reconstructed
based on a boosted decision tree (BDT) classifier as described in [204].

The analysis is optimized to measure production cross-sections in kinematic re-
gions within the STXS framework. Thus, the reconstructed categories are sepa-
rated by production modes and kinematic and event properties. The categorization
is designed to classify events into mutually exclusive event categories targeting dif-
ferent STXS regions.

The event categorization is based on a two-step classification based on BDTs. First
is a multi-class BDT trained to separate signal events in different STXS regions
using a simulated dataset of Higgs boson events. This classifier is used to assign
events to STXS regions, which also allows the selection of signal events that other-
wise would fail a requirement based on detector-level quantities corresponding to
the STXS region definition. In each class, events are then classified corresponding
to ranges of binary BDT output values, resulting in 88 categories. Subsequently, a
binary BDT classifier separates the signal from the background by maximizing the
expected significance. This approach increases the purity of the expected signal
in the targeted STXS region over the events from the continuum background and
Higgs boson events from other STXS regions. The classifier’s training is optimized
for minimizing uncertainties in different signal regions and decorrelating the STXS
regions.

The number of signal events in different categories is determined in a simultaneous
fit to data. An analytical probability density function describes the m.,, distribu-
tion in the different categories. The signal is described by a double-sided Crystal
Ball function (DCSB) function over a smoothly falling background chosen from a
set of parametric functions. The STXS cross-sections are measured in 27 regions
that contain kinematic information in 5 major production modes — ggH,VBF,WH,
ZH, ttH - and separate the signal produced inclusively in the tH mode.

6.1.2 H— 727" - 41

The STXS analysis of H — ZZ* — 41 is presented in detail in [196]. The analysis
benefits from a clear experimental signature and a high signal-to-background ratio.
The final-state leptons can be reconstructed accurately, allowing to measure kine-
matic properties of the four-lepton system precisely. The signal is measured in the
invariant mass window of 115 GeV < my4; < 130 GeV. The dominant background
process is pp — ZZ* — 41 and is constrained using data sidebands measured in a



6.1 Input Analyses

mass window of 105 GeV < my; < 115 GeV or 130 GeV < my4; < 160 GeV. For the
category involving the associated production of a top quark, the sideband includes
the region 160 GeV < my; < 350 GeV.

The analysis targets the reconstruction of the Higgs boson produced in the dif-
ferent STXS regions. The Higgs boson decays are classified according to the final
state: 4y, 4e, 2e2p, 2u2e, where two pairs of opposite sign, same flavor leptons are
reconstructed. The first pair originates from the on-shell Z boson decay, and the
other originates from the off-shell Z boson. The three highest-pt leptons are re-
quired to have pt > 20 GeV, 15 GeV, and 10 GeV, respectively. The leading lepton
pair mj, corresponds to the lepton pair with an invariant mass closest to the Z
boson mass and is required to satisfy 50 GeV< mq; < 106 GeV. The subsequent
lepton pair is required to have an invariant mass of m,in < m34 < 115 GeV. Here,
Mmin 1S 12 GeV for my; < 140 GeV and rises linearly to 50 GeV upto my; = 190
GeV and is 50 GeV for all high my4, values. Muons are selected with pt > 5 GeV,
| <2.7 and are required to satisfy the LOOSE identification requirements, as de-
fined in [201]. Muons tagged by the calorimeter are required to have a pt > 15
GeV. Electrons are required to have pt > 7 GeV, [n| <2.47 and are required to
satisfy the LOOSE selection criteria as defined in [202]. Jets are required to have
pT > 30 GeV and | < 4.5. Additional leptons are considered for Higgs bosons
produced in the ttH and VH production modes, where a method based on matrix
elements is used to identify the leptons originating from the Higgs boson decay
based on the SM tensor structure of the event.

The classification of the Higgs boson signal targeting the different STXS regions is
based on neural network (NN) discriminants that distinguish the signal from the
various background processes. The discriminant comprises two recurrent neural
networks (RNN); one is for the pt ordered variables of the four-lepton system,
and the other is for jet variables. The two RNNs are combined with a feed-forward
multilayer perceptron (MLP) that is based on additional event variables. The out-
put of the RNNs and MLP are chained together in another MLP to build the final
NN discriminant trained to approximate the probability of an event originating
from a given process.

In total, 12 categories are defined to identify the signal in the different STXS re-
gions. The events are categorized into the different kinematic regions sequentially
based on the production mode, starting with events classified as ttH, which are
further split into categories depending on the decay mode of the W bosons origi-
nating from the top decay into leptonic and hadronic categories. Events with ad-
ditional leptons but not satisfying the jet criteria for ttH define the category for
VH-lep production, where the associated vector boson decays leptonically. The
remaining events are classified according to jet multiplicity into O-jet, 1-jet, and
> 2-jets regions with further categorization based on the py of the four-lepton
system. First, events are identified in the 2-jet category and are categorized as
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Chapter 6. SMEFT Interpretation of H — yy, H — 41, and VH,H — bb

BSM-like if m;; > 120 GeV and p}' > 200 GeV. Next, the 1-jet category is split
into four categories defined by p3' < 60 GeV, 60 GeV < pF' < 120 GeV, 120 GeV
< pT < 200 GeV, and p3' > 200 GeV. Finally, the 0-jet category is expected to
contain the largest number of events from ggF and is split into three categories
based on p3' corresponding to p3! < 10 GeV, 10 GeV < p¥' < 200 GeV, and pF' >
200 GeV. This categorization allows measuring cross-sections in 12 bins defined
within the STXS framework.

6.1.3 VH,H — bb

The STXS analysis of the VH,H — bb analysis is presented in detail in [197].
While H — bb is the most abundant decay channel of the Higgs boson with a
branching fraction of 58%, the multi-jet background makes it challenging to study
the Higgs boson in this channel. The VH production process is the most sensitive
production mode for the H — bb decay, as the lepton decay of the associated vec-
tor boson helps to trigger efficiently on the signal and allows suppression of the
large multi-jet background. The identification of the signal is affected by a large
number of dominant background processes of V+ heavy flavor jets production,
electroweak production of top quarks (single top quark and tt), and diboson pro-
duction. The high performance of the b-tagging algorithm is crucial to identifying
b-jets and rejecting light and c-jets efficiently.

Muons are selected with pt > 7 GeV, |n| <2.7 and are required to satisfy the
LOOSE identification requirements, as defined in [201]. For the 1-lepton region, the
muons are required to fulfill the MEDIUM quality criterion. Electrons are required
to have pt > 7 GeV, [n| <2.47 and are required to satisfy the LOOSE selection
criteria as defined in [202]. Hadronically decaying t-leptons are required to have
pT > 20 GeV and [n|<2.5, outside the transition region in the electromagnetic
calorimeters between 1.37 < n| < 1.52, and satisfy the MEDIUM quality criterion
defined in [205]. The t-leptons are not directly used in the event selection but are
used in missing transverse momentum calculation and to avoid double counting
the hadronic decay products as other objects. Jets are reconstructed from the en-
ergy in topological clusters of calorimeter cells using the anti-k{ algorithm with
a radius parameter R=0.4. Jets are required to have pt > 20 GeV in the central
region (In|) < 2.5 and p7 > 30 GeV outside the tracker acceptance corresponding
to (2.5 < In| < 4.5). Jets are identified as b-jets using a multivariant discriminant
with the selections tuned for the 70% working point.

Events are categorized into different channels based on the number of associated
leptons into 0, 1, and 2 lepton channels aimed at the ZH — vvbb, WH — lvbb,
and ZH — llbb processes respectively. Only electrons and muons are considered
for the charged leptons. All events are required to have two b-tagged jets, which
form the Higgs boson candidate, and at least one b-jet is required with pt >
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45 GeV. Events are further split into 2-jet or > 3-jet categories, where the latter
includes events with one or more untagged jets. For the 0- and 1-lepton channels,
only one untagged jet is allowed, as the tt background is much larger in events
with four jets or more. In the 2-lepton channel, any number of untagged jets are
accepted in the > 3-jet category, which increases the signal acceptance in this
category by 100%. The analysis focuses on high-pY regions, defined for 150 GeV
< p¥ < 250 GeV and p¥ > 250 GeV, which allows to better separate the signal
from the background since the signal has a harder p¥ spectrum. Additionally, for
the 2 lepton channel, a medium p¥ region with 75 GeV < p\T/ < 150 GeV is
included. Altogether, 14 analysis regions are defined, and each is further split into
a signal region and two control regions, resulting in a total of 42 regions. The
control regions are enriched in V+heavy flavor jets or tt events, respectively, and
are used to determine the normalization factors for these backgrounds.

The analysis employs boosted decision trees trained on kinematic event variables
of the event to separate signal from background in different categories. Two sets
of BDTs are trained to separate VH and VZ production from the background. The
first is trained to separate the VH signal process from the backgrounds, and the
second is trained to separate the VZ, Z — bb diboson process from the VH signal
and other processes and helps to validate the VH analysis. The BDTs are trained
in 8 regions by merging some of the 14 analysis regions, in particular, the 150
GeV < p¥ < 250 GeV and p‘T/ > 250 GeV regions in each lepton channel and jet
category are merged for the training, as no increase in sensitivity was found when
undertaking separate training in the two regions. The output of the BDTs serves
as discriminating observables in the signal extraction fit. These p\T/ regions allow
to measure the cross-sections in p¥ (3 regions) for WH-leptonic production and
p% (2 regions) for ZH-leptonic production.

6.2 Combination of STXS measurements

The Higgs boson signal yield in the different production modes is separately param-
etrized for every contributing Higgs boson production mode in the different decay
channels. The likelihood model is described in Section 5.4.

The H — bb (VH), H—ZZ*— 40 and H — vy analysis target STXS regions
that are defined in the STXS framework [174] with the most detailed Stage 1.2
version being used. As the analyses do not have the sensitivity to measure the
cross-sections of the full STXS granularity, some of these Stage-1.2 categories are
merged for some measurements and the corresponding EFT parametrization is
performed at this granularity. The mapping of these merged STXS regions to the
original STXS Stage 1.2 regions is detailed in Table 6.2. The efficiency and accep-
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tance factors eli('x are determined using SM predictions for the relative fraction in

each fine Stage-1.2 bin. SM uncertainties on these fractions are taken into account.

The corresponding measured signal strengths and their correlations are shown in
Figure 6.2 and Figure 6.3, respectively. The cross-sections are measured in 43 bins
with 26 bins probed by H — vy, 12 bins from H— ZZ*— 4{, and five bins from
H — bb (VH). The measurements agree with the Standard Model with a p-value
(psm) of 91%. Statistical uncertainties dominate the uncertainties of most of the
Cross-sections.



6.2 Combination of STXS measurements

STXS Region  STXS Region H-yy H—ZZ*—4¢ H — bb (VH)
Stage-0 Stage-1.2
Njeis = 0, pH<10 Njeis = 0, pH<10 Njeis = 0, pH<10
Njets = 0, 10<pit Njegs = 0, 10<pht Njes = 0, 10<pht
Nieis = 1, pH<60 Nieis = 1, pH <60 Nieis = 1, pH<60
Njers = 1, 60<pii<120 Nijers = 1, 60<pH <120 Nijers = 1, 60<pi <120
Nijets = 1, 120<p} <200 Njeis = 1, 120<p}<200 Nijeis = 1, 120<p} <200
Nijets = 2, mj;<350, phl <60 Njets = 2, mj5<350, phl<120 Nijets > 2, p} < 200
Nijets = 2, mj;<350, 60<ph! <120 Nijets = 2, mj5<350, phl<120 Nijets > 2, p} < 200
e Nijets > 2, mj5<350, 120<p}' <200 Njets > 2, mj5<350, 120<p} <200 Njets > 2, p < 200
% Njets > 2, 350<m;;<700, pi <200, py'ii <25 Njets > 2, 350<my;, phl<200 Njets = 2, p} < 200
Njets > 2, 350<m;;<700, py <200, 25<p}'ii Njers = 2, 350<my;, phl<200 Njets > 2, p} < 200
Niets > 2, 700<m;;, pil<200, p}i<25 Njets > 2, 350<m;;, pil<200 Njets > 2, p} < 200
Njets > 2, 700<m;;, phl<200, 25<p} Njets > 2, 350<my;, phl<200 Njets > 2, p} < 200
200<p}'<300 200<p}'<300 200<p}!
300<p}!<450 300<pi!<450 200<p!
450<p}! <650 450<p}! 200<pt!
650<pl! 450<pi! 200<ph!
Njets = 0 Nijes < 1
Nijegs = 1 Njeis < 1
5 Njets = 2, mj;<60 Njets = 2, mj;<60 \V 120<m;; <350 VBF
gf Nijets > 2, 60<m;;<120 Nijers > 2, 60<my; <120 Nijets > 2, 60<my; <120
? E Niegs > 2, 120<m;;<350 Niegs > 2, Mj5<60 V 120<m;; <350 VBF
g;: Njets = 2, 350<my; 200<p'f‘ o Niets = 2, 350<my5, ZOO<p-¥' Niets = 2, 350<m;;5, 200<p-?‘
g Niegs > 2, 350<my;<700, pht<200, pyV <25 Niegs = 2, 350<m;;<700, phl<200 VBF
: Njets > 2, 350<m;;<700, pi <200, 25<pttil Niets = 2, 350<m;;<700, phl<200 VBF
Njets > 2, 700<m;;, pH<200, p}i<25 Njets > 2, 700<my;, ph<200 VBF
Njets > 2, 700<m;;, ph<200, 25<pt) Njers > 2, 700<my;, phl<200 VBF
PY <75 (Njets = 0/ Njets = 1/ Nies > 2) WH pY <150 VH lep WH pY¥ <250
% 5 75<py <150 (Njets = 0/ Nijets = 1/ Niegs > 2) WH pY <150 VH lep WH pY¥ <250
T § 150<py <250 (Njets = 0/ Njets = 1/ Njers = 2) WH 150<py VH lep WH pY <250
g g 250<pY <400 (Njers = 0/ Njers = 1/ Njegs = 2) WH 150<pY’ VH lep WH 250<pY
400<pY (Njets =0/ Njets =1/ Njers > 2) WH 150<py VH lep WH 250<py
PY <75 (Njets = 0/ Niegs = 1/ Niegs > 2) ZH py <150 VH lep ZH pY <150
% @ 75<pY <150 (Njets = 0/ Nijets = 1/ Niegs > 2) ZH py <150 VH lep ZH pY <150
5 150<pY <250 (Njets = 0/ Niegs = 1/ Niegs > 2) ZH 150<py VH lep ZH 150<py <250
g5 250<pY <400 (Njegs = 0/ Njers = 1/ Niegs > 2) ZH 150<pY VH lep ZH 250<pY
400<pY (Njets =0/ Nijets = 1/ Njegs > 2) ZH 150<pY VH lep ZH 250<pY
PY <75 (Njets = 0/ Nijegs = 1/ Njegs > 2) ZH pY <150 VH lep ZH pY <150
§ 5 75<pY <150 (Njets = 0/ Nijets = 1/ Niegs > 2) ZH pY <150 VH lep ZH pY <150
5 150<pY <250 (Njets = 0 / Njers = 1/ Njers = 2) ZH 150<pY VH lep ZH 150<py <250
33 250<400 (Njets = 0/ Nijets = 1/ Niegs > 2) ZH 150<pY VH lep ZH 250<pY.
250<pY (Njets = 0/ Njets = 1/ Njees = 2) ZH 150<pY VH lep ZH 250<pY
phi<60 pH<60 t{t)H
60<phl<120 60<phl<120 t(tH
MI; 120<p} <200 120<ptt<200 ttH
200<ph!<300 200<ph! t(t)H
300<ph! 200<ph! t(t)H
bbH merged with ggH
tH tH t(t)H

Table 6.2: Definition of Simplified Template Cross Sections at Stage-O and Stage-1.2 and
their mapping to the merged regions used for the EFT reinterpretation analysis.
All dimensional quantities are in units of GeV. All bins sharing the same label are
merged.
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Figure 6.2: Measured signal strength for each STXS category entering the EFT analysis. The
corresponding categories are defined in Table 6.2. Input data taken from [206].
The probability to obtain the observed data under the SM hypothesis (psay) is
91%.
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Figure 6.3: Correlation matrix corresponding to the measurements shown in Figure 6.2.
Input data taken from [206].
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6.3 Impact of SMEFT operators on signal

For this reinterpretation, all the parameters that affect the Higgs boson signal in
the production and decay are initially considered. SMEFT simulation for Higgs bo-
son production mode and decay with tree-level SM diagrams is performed with
SMEFTsim [195]. For ggH, gg—ZH and H — gg, cross-sections are calculated
at NLO accuracy in QCD with SMEFTatNLO [207] and at NLO accuracy in QED
for SMEFT-SM interference terms in H—yy [208]. The U(3)> flavor symmetry
scenario with the (mw/, mz, Gg) scheme is chosen, which corresponds to the max-
imal symmetry possible for the SMEFT operators in terms of the SM fermion field,
as discussed earlier in Section 2.3.3.

All dimension-6 CP-even operators are considered for which at ¢; = 1 the impact
of the operator on any of the STXS categories in Figure 6.2 at O(A~2) exceeds
0.1% with respect to the SM prediction. The operators and the corresponding
Wilson coefficients thus selected for this analysis are listed in Table 6.3. The value
for the scale of BSM physics (A) is set to 1TeV, where coefficients for alternative
values of A = X can be obtained through a scaling with a simple factor (X/1TeV)2.
All complex-valued Wilson coefficients, notably c,w/,cug,cup and cyn in this
analysis, are used with J(ci) = 0.

In the simulation, kinematic cuts on the minimal jet transverse momentum of
pr > 20GeV are imposed. Furthermore, for the Higgs boson decay, a require-
ment of AR > 0.05 between two jets or two leptons is imposed to avoid diver-
gences in the matrix element calculation. For all events PYTHIA8 [125] is used to
simulate parton showering, where the Higgs boson decay is based on the Higgs
boson width obtained from Madgraph. A jet-matching procedure is performed
to remove jet phase space overlap between the matrix element and the parton
shower simulations. The CKKW-1 algorithm is used for all tree-level processes,
with a matching parameter of 30 GeV, whereas the MLM algorithm [209, 210] is
used for loop-induced processes, notably for ggH. The Rivet program [211] with
the HiggsTemplateCrossSections [212] routine is used to analyze the simulated
events, to compute kinematic quantities and to classify the events according to
their STXS region.

SMEFT modifications to background processes are not considered in the analysis.
For the production of Higgs boson in association with top quark, and top-antitop
quark pair tt, no SMEFT modification is considered for the decay of the top quark.
The systematic uncertainties assigned to the acceptance factors etx in Equation 5.8,
arising from theory uncertainties are fully taken into account in the SM cross-
section prediction, and are assumed to cover the possible acceptance changes in-
duced by SMEFT operators in Higgs boson production through the full validity
range of the SMEFT model. The use of this assumption is motivated by the simi-

(8)
Oquqd
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Wilson coefficient Operator
CHO (HTH)O(HTH)
CHD (HTD*H)" (HTDH)
CHG HIH G}, GAHY
CHB HIH B, B*Y
CHW HIHW!, winy
CHWB HitTTHW], BHY
CeH (HTH)(TperH)
Cun (HTH) (gpurH)
CaH (HTH)(gpd H)
. (D H) (T, yH1,)
c® (HH D' LH) (T, Tly L)
CHe HID  H)(zpyier)
oy (HID W H)(apy*ar)
) (HITD L H) (gpT'yHay)
CHu HH%) o H) (TpyHuy)
CHd (HH )(deHdr)
CuG (@po*VTAU)H G,
Cuw (qpcr”"ur)”rlltlwgw
CuB (qp uvur)ﬁBuv
C/u (1 Vult)(lﬂ/uls)
C%)q (quuqt)( arv"qs)
Cg)q (quuT qr)(q SYHT qt)
Cqq (Gpypgt)(@rytqs)
cqq (@pvut qo)(@ry*T'qs)
Cuu (Up'Yp,ur)( UsyHuy)
C(th)u (quuut)( ryuus)
C(&)u (quuqt)( YHus)
C(j)d (T quTA Uy (ds TAdt)
Cqu (ApyuTqr)(ts “TAut)
C(g)d (quuT qr)(dsYHTAdt)
cw eTkwivwlPwgt
cG fABCGﬁ\ngpGgu

Table 6.3: Wilson coefficients c; and corresponding dimension-6 SMEFT operators O; used
in this analysis.
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larity of reconstruction-level analysis regions to STXS cross-section regions, which
are designed to be relatively insensitive to acceptance changes induced by SMEFT
operators. The effect of SMEFT operators on other observables used in the defini-
tion of the analysis regions, e.g., through multivariate discriminants, is assumed
to be negligible.

6.4 SMEFT parametrization

The parametrization of the Higgs boson signal is described in Section 5.3. For
the parametrization including linear terms the fully Taylor expanded version is
used, corresponding to Equation 5.16, where the total width is also expanded.
This approach is valid only for small deviations from the SM corresponding to a
small change in the total width. The impact of the linear scale factors A].‘Yi and

(Ajr X A{ H) for the relevant SMEFT operators associated to c; on the STXS
cross-sections and branching fractions is shown in Figure 6.5.

For the quadratic parametrization, the ratio of polynomials is described by Equa-
tion 5.17. Figure 6.6 illustrates the relative importance of the quadratic terms
by comparing the impact ¢;A; + cszj)- of variations of coefficients c; in the vari-
ous STXS regions and decay rates when including only linear terms A; (shaded
histograms) and when including both the linear and quadratic terms Bj; (open
histograms).

The relative importance of the quadratic term increases linearly with the consid-
ered variation of cj; hence, the chosen magnitudes of the variations do not only
scale the shown impact but also the relative magnitude of the quadratic term. Fig-
ure 6.6 shows that the strongest impact of quadratic terms can be expected in
the high-pt regions of VH production for coefficients c{} @ e q’CHds CHu and in
the tH channel for operator Cq- Other regions that are subject to a moderately
strong impact of quadratic terms are inclusive ggH production for operators ¢ g
and c, g, and THYY for ¢y, where in the latter case the impact is notably neg-
ative.

The effect of SMEFT operators on Higgs boson decays to four particles can strongly
affect the acceptance factors e{(j as discussed in Section 5.3.3.

Generally, an acceptance factor A affects a measured cross-section (T?_)X as fol-
lows,

o7 X =0y Byx-A (6.1)

The dependence of the acceptance A term in Equation 6.1 on Wilson coefficients
is estimated by parametrizing the ratio of the yields when the experimental cuts
are included (N]{:FT’H_”(’Wlth €U) with respect to yield the case where no cuts are

O
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applied (N EFT’H_’X’W'O €Uty Using the general form of the EFT parametrization for

the yield as given in Equation 5.9. The acceptance function would take the form
of a rational polynomial as follows,

HoX  rHoX with cuts

1+ int + BS!
rH=X " rH=X

) S

SM

Nswm - (1 + Zine | OBsM

OsM OsM rH rH
NEFTH— X with cuts 14 gt 4 BSM
AFFTH=X _ i B Tsm Tsm
i - NEFT,H%X,VV.O cuts HoX  pHoX \ WO cuts

i 14 nt__ 4 "BSM_
N (1 4+ O UBSM) o~ X
SM Oon Oonr — H H

Osm Osm H_h_’_rBSM

H 1
Tsm Tsm

(6.2)

Acceptance effects significantly impact the H— ZZ*— 4( analysis as it is a 4-body
decay, and due to the explicit relation of the analysis-level selection to myz«, and
an acceptance correction factor developed in [196] is used. This acceptance cor-
rection is derived only as a function of cyw, cyg and cyweg, as only these are
measured in [196]. In principle, a dependence of this correction on c{}; and cye
is also expected but is neglected in this analysis as the overall sensitivity to these
operators is small. For all other Higgs boson decays, the acceptance effects are

neglected as these are all 2-body decays.

The acceptance function from the H — 41 analysis [196] is modeled as a Lorentzian
function of three Wilson coefficients cyw, cHwg, and cyqp as

AEFT (crw, crws, c1iB) 0.76
P =015+ =2, 6.3)

where D is given by,

D = 0.88 +2.29(0.005 4 c1yg)? + 0.70(—=0.12 4+ cweg )2 — 1.22cuBCHwE
+0.61(=0.133 4 cyw)? + 0.08c s chw — 1.2TcnwBChw (6.4)

+ 0.05¢cHBCHWBCHW

This function approximates the actual dependence on the Wilson coefficients, which
is defined by a ratio of polynomials as given in Equation 6.2. The effect of the

acceptance function on the parametrization for H — ZZ* — 41 is shown in Fig-
ure 6.4 where there is a considerable difference in the parametrization when the

acceptance function is included. The H — yy channel is expected to have a higher

sensitivity to these same SMEFT parameters, therefore the issue of the acceptance

from H — ZZ* — 4l is diminished in the combined fit compared to the standalone

H — ZZ* — 41 analysis.

OHd
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Figure 6.4: Parameterization of the STXS bins (gg — H,Njes = 0,p¥ < 10 in the
H — ZZ* — 41 (top) and the H — vy channel (bottom) for the three pa-
rameters cyg,cHwg, and cyyw where there are considerable changes to the
parametrization in the H —+ ZZ* — 41 channel. The corresponding parametriza-
tion of the H — vy channel is shown for reference exhibiting the linear and
linear + quadratic behavior.

6.5 Sensitivity study to determine parameters of in-
terest

All the Wilson coefficients affecting the Higgs boson are shown in Table 6.3 and
cannot be measured simultaneously as there is not sufficient information in the
ensemble of measurements. As an example, c%” and CS& are two parameters of
four-fermion operators that primarily affect only the p? spectrum in ttH as shown
in Figure 6.5 and have similar shape impact and cannot be distinguished. The im-
pact of this indistinguishable behavior of these parameters leads to a degeneracy
in the likelihood within the SMEFT validity range of the parameters. This degen-
eracy results in the presence of a flat direction in the likelihood that cannot be

constrained. Numerical minimizers like MINUIT cannot handle such degeneracies.
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Figure 6.5: Impact of the most relevant SMEFT operators on the STXS regions and decay
modes, relative to the SM cross-section, for the SMEFT model with only linear
terms. For all coefficients ¢j, a unit variation is considered unless specified oth-
erwise in the legend. In order to judge the experimental sensitivity to constrain
the operators from the data in the listed STXS regions, the statistical uncertainty
on the corresponding regions (Ostat) is shown in the top panel. For columns cor-
responding to multiple STXSxBR regions, the shown uncertainty reflects the
statistical uncertainty on the average, under the assumption of uncorrelated
statistical uncertainties. For presentational clarity, the statistical uncertainty of
low-precision STXS regions is clipped in the plot.
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Figure 6.6: Comparison of the impact of the most relevant SMEFT operators on the STXS

(1)
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regions and decay modes, relative to the SM cross-section, for the linearized
SMEFT model (shaded histogram) and the linear+quadratic SMEFT model
(open histogram). For all coefficients ¢j, a unit variation is considered unless
specified otherwise in the legend. The variations shown for some c; differ from
those shown in Figure 6.5. In order to judge the experimental sensitivity to
constrain the operators from the data in the listed STXS regions, one can refer
to the top panel, which displays the statistical uncertainty (ogat) on the corre-
sponding regions. For columns corresponding to multiple STXS x BR regions, the
shown uncertainty reflects the statistical uncertainty on the average under the
assumption of uncorrelated statistical uncertainties. For presentational clarity,
the statistical uncertainty of low-precision STXS regions is clipped in the plot.
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Hence, it is necessary to predefine a subset of directions that we can expect to

constrain well and keep the remaining directions fixed.

1 1)

The likelihood function, shown as a function of cgfq’ ) and c&u in Figure 6.7, il-
lustrates the existence of a flat direction. A rotation that defines an orthogonal
basis in terms of ¢’ = —O.41c£134” + 0.91c£3& and ¢'12] = —O.91c£]3é]) — O.41c1[fl)L
allows to separate all flat directions from measurable directions in this example. A
subsequent fit to the rotated likelihood function will only consider the first degree
of freedom ¢’ as the parameter of the model.

10
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uu

max)

-2log(L/L
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Figure 6.7: Plot of the negative log-likelihood value as a function of cgﬁil) and CS& (left)
and in terms of the rotated directions —0.41 c%” +0.91 CSL]L and —0.91 cgﬁi” —

0.41¢') (right).

Following this procedure, a modified basis ¢/ is used to separate all flat directions.
The modified basis is estimated from the experimental sensitivity, making use of
the SM expected covariance matrix Vgrxs of the STXS measurements. The correla-
tion matrix Cstxs corresponding to the Vgrxs is shown in Figure 6.3. The Fisher
information matrix VS_T;(S is obtained by numeric inversion and the Fisher infor-
mation is rotated from the STXS basis u'* to the SMEFT basis c; using the linear
parametrization matrix P(; x)_,(j) as follows,

Vauerr = Plix)— () Verxs Plux)—)- (6.5)
The rotation matrix P(; x)_,(j) is based on the linearized SMEFT model of Equa-
tion 5.14

. H—-X H
Plix=() =A] +A] T —Af, (6.6)

. H—X H . . .
where A]fy‘, AJF 7% and AJF are the constant factors obtained from simulation.

The expected Fisher information matrix for the SMEFT parameters in the Warsaw
basis is shown in Figure 6.8(a). In the normalized Fisher shown in Figure 6.8(b)
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clearly identifies parameters measured by similar experimental information with
value +1.

6.5.1 Full Eigenvector decomposition

In the limit of Gaussian approximation for the STXS measurements, the matrix
VS_N}EFT represents the expected Fisher information matrix of SMEFT parameters.
An eigenvalue decomposition of the Fisher information matrix orders the param-
eters in the SMEFT space by sensitivity and yields the eigenvectors e; and their
corresponding variances obtained from the eigenvalues, V(e;) = E;‘ .

Figure 6.9 lists the eigenvectors and their corresponding eigenvalues obtained
from the expected measurements, ranked by eigenvalues. The eigenvectors shown
are truncated to eigenvalues A; > 0.01, corresponding to a truncation at an esti-
mated uncertainty of o, < 10, corresponding to a value well beyond the expected
validity range of the c; of EFTs of O(1).

6.5.2 Principal component analysis within subgroup of opera-
tors

While the full eigenvectors shown in Figure 6.9 allow decorrelating the parameter
directions fully, it mixes operators with different physics nature, reducing the con-
ceptual clarity of the parameters estimated in the fit. It is desirable to define a basis
that maintains the clarity of the physics impact of operators to the extent that this
is numerically feasible, at the expense of allowing small to moderate correlations
between the parameter estimates.

Based on the ranking of Figure 6.9 and the sensitivity of the STXS regions to the
Wilson coefficients in the linearized model, as shown in Figure 6.5, the following
behavior is observed:

* Parameter c{| q can be individually well constrained (ev-3). The sensitivity is
driven by the WH measurements, in particular H — bb (VH).

* Parameters cHg, cyg and c,p are constrained by ggH and ttH, while, Cqq>
3) @D [¢)) (8) [¢5] (8 1 ¥ (3)
Cdqs €44 Sl Chas CGus Cqus and c(? are iny c'on.stralned from ttH (and cqq
from tH) and affect the shape of the signal in a similar way. Therefore, only one
linear combination (ev-5) of them can be precisely estimated. The most sensitive
of these eigenvectors (ev-1,2) is a combination of ¢yyg and ¢, g, which are the

operators constrained strongest from ggH.

* Parameters cyw, cqp and cywpg are primarily constrained from H— yy decay
(ev-1). The direction of ev-1 agrees at the percent level with the predicted direc-
tion from the analytical calculation for H— yy decay width, as well as with the
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Figure 6.8: Expected Fisher information matrix Vg, TJ/lEFT in terms of the SMEFT parameters
in the Warsaw basis are shown in (a), the colors represent the value of the
Fisher information. The corresponding normalized matrix is shown in (b). The
expected Fisher information after rotation to order the basis by information is
shown for the full eigenvector basis (¢) and the subgroup eigenvector basis (d).
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Figure 6.9: Eigenvectors of the inverse EFT covariance matrix obtained from EFT propagation to the covariance matrix Vgrxs and with a sig-
nificant (>0.01) eigenvalue A. This eigenvalue threshold corresponds to an approximate expected uncertainty on that eigenvector
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direction defined by the coefficient C.- of the SILH basis. Weaker constraints
arise through constraints with VH and VBF production (ev-2,3).

* A notable correlation exists between the weak constraints on cﬁl, CHe, and cf} q
(ev-9,10). This correlation has its source in the common measurement of most
of these: H — bb (VH). The c{}, and cy. parameters also affect the branching
ratio of H — ZZ* — 41. The impact of c{} q is similar to ¢y, and cHq are
expected to be correlated due to their similar impact on ZH production (ev-4).
Based on these observations, c{j; and cy, are grouped, and cpy,, cHg and ¢} q

are grouped.

* ¢}, and ¢y, arise from operators that induce a shift to the Fermi constant and
appear as constant modifier across production modes as seen in Figure 6.5.

The parameters cyo, cqH, and ce act primarily as a global cross-section scale fac-
tor. Hence, they are degenerate with a rescaling of all other c; and are therefore
fixed to zero in the fit. Balancing the aims of easy interpretability (each c; maps
to a model parameter, or combinations of c; that arise in similar processes map to
model parameter) and full decorrelation achieving numeric stability, a new eigen-
vector decomposition in sub-spaces is constructed with guidance from the above
observations on the decomposition:

c= {cf U ¢ = {cfj VU

{cHa, CuG,CuH,Cg)q/qurCS)q/C(élé {CH]G,uG,uH,top’CIE]G,uG,uH,top’

Cuws Clius Cgr cg)u, cﬁ)u, c‘;’d, cglU — CE}G,uG,uH,top} U

{cHW/, CHB, CHWB, CHD, {C)[P\/V,HWB,HDD,uW,uB’
CE]\/\/,HWB,HDD,uW,uB’

Cuw, Cupt U - CELV,HWB,HDD,uW,uB} U

{CHu/CHd/Cﬁq} U — {CITU.,Hd,Hq“)} U

(el eneu SR GHTITRLS

{Cﬁl' Cil} U - {C:]L(S),u’}'

The definition of the parameters entering the fit from basis cg with respect to the
Warsaw basis is visualized in Figure 6.10.

While the full eigenvector rotation will fully diagonalize the Fisher information
matrix as shown in Figure 6.8b, the subgroup rotation diagonalizes only the direc-



6.5 Sensitivity study to determine parameters of interest

tions within the subgroup as shown in Figure 6.8d. The non-zero blocks between
the parameter groups lead to residual correlations between the parameters.

The impact of variations of ch on the STXS cross-sections and Higgs boson branch-
ing fractions is shown in Figure 6.11, using the same parameter grouping as was
shown in Figure 6.5, and demonstrates clearly that the basis cg represents impact
variations across regions that are much more orthogonal than the Warsaw basis
Cj .

No separate optimization of the parameter basis cg is performed for the quadratic
SMEFT model of Equation 5.18 as the non-linear effects of this model are expected
to vanish for small c;, thus asymptotically yielding the same rotation matrix as
Equation 6.6.

6.5.3 Contribution of individual Higgs measurements to SMEFT
parameter measurements

The fit directions chosen are defined by choosing the sensitive directions within
the operator subgroup that have a similar physics impact. The information matrix
used in this process also provides a way to obtain the relative contribution of
measurements to the sensitivity of the particular SMEFT parameter.

The fractional contribution fi,(c;) of a set of measurement m to the sensitivity a
SMEFT parameter c; is defined as,
-2
0= (cy
mlcy) = —2m (€, 6.7)
Zkemeas. Ok (ci)

where 0,%(ci) is the inverse of the estimate for the variance of parameter c;
due to the measurement set m. The estimate of 0~ 2 can be directly obtained
by inverting the reduced information matrix, yielding the corresponding value of
o2. This procedure also accounts for correlations between the parameters. The
contribution of the different decay modes is shown in Figure 6.12(b) and for the
production modes in Figure 6.12(a).

The leading measurements contributing to the sensitivities of each of the parame-
ters can be understood as follows,

) . . N (1 .
- CHGuG,uH,top : In this operator group the leading direction ¢y, \, g wh op 18

mainly constrained by the measurement of Higgs boson production in the ggF
production mode. The production mode is measured in H — yy and H — 41
channel and the relative sensitivity to the ggF production mode in the two chan-
nels is shown in the decay-side contribution in Figure 6.12(b). The second direc-
tion, Cl[i}G,uG,uH,t op is dominated by operators that affect the ttH, tH produc-
tion processes and is mainly constrained by the H — yy channel. The parameter

OlebQ
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Chapter 6. SMEFT Interpretation of H — yy, H — 41, and VH,H — bb

Cl[i]G,uG,uH, top consists of operators affecting both ggF and ttH, tH production

is also primarily measured from the H — yy channel.
C[H
H1(),He
constrained on the decay side by the measurement of the BR(H — ZZ).
- CEL Ha,Hg() The leading parameter is constrained by ZH production with the
main sensitivity originates from the VH, H — bb analysis.

: The leading parameter is the only sensitive direction here and is

- Cg®) This operator is constrained by WH production where the main sensi-
tivity originates from the VH, H — bb analysis.

(11
HLB3) 1
and is a global correction to the production and decay rates.

- C : This direction corresponds to a shift in the Fermi constant (AGg),

- CHW,HWB,HDD,uw,uB: The leading direction in this group is constrained by
the measurement of the BR(H — -yy). The second direction is constrained by
a combination of sensitivity from VBF, VH production and BR(H — yvy). The
third direction is constrained mostly by ZH measurements.

6.6 Results

In all results presented in this Section, the set of nuisance parameters 6 has been
pruned, using an impact ranking technique, from O(1000) down to O(700) nui-
sance parameters, which has an estimated cumulative impact on the estimated
systematic uncertainty on each signal strength parameter of less than 1%.

The results on the parameters using the linearized SMEFT model and including
the quadratic terms are shown for observed results in Figure 6.14 and the SM ex-
pected constraints in Figure 6.15. All measured parameters are consistent with the
SM expectation within their uncertainty. The correlation matrix for the linearized
model for observed and expected is provided in Figure 6.13. The subgroup basis
directions exhibit correlations due to residual information between the subgroups.

All scanned parameters for the linearized model exhibit Gaussian behavior to a
good approximation, except for cmm He> Which is affected by the non-linear ac-
ceptance correction effects in the H—ZZ*— 40 decay channel due to correlations
with the parameters cyw, cHwg, andcyp that affect the acceptance parametriza-

tion given in Equation 6.3.

The profile likelihood for the model, including quadratic terms, sometimes re-
. .. (1]
sults in two local minima per parameter, notably for ¢y \5 Hws HDD wW uB

(3] @) i
and CHG LG aLH, top? and to a lesser extent ¢} 9’ and generally result in rather non-

Gaussian likelihood scans for that reason. Despite this, constraints obtained from
the model, including quadratic terms, are generally tighter than those obtained

3)
Ot
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from the linearized model, suggesting a non-negligible influence of dimension-8
operator terms suppressed by power A—%.
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Figure 6.11: Impact of coefficients of the rotated basis cg on the STXS regions and decay
modes, relative to the SM cross-section, under the assumption of the linearized
SMEFT model. For all coefficients cg a unit variation is considered unless speci-
fied otherwise in the legend. Additional eigenvectors that are not part of the fit
basis are shown in gray for completeness. Scales and groupings in this figure
are consistent with those in Figure 6.5. To judge the experimental sensitivity
to constrain the operators from the data in the listed STXS regions, the statisti-
cal uncertainty on the corresponding regions (ostat) is shown in the top panel.
For columns corresponding to multiple STXSxBR regions, the shown uncer-
tainty reflects the statistical uncertainty on the average, under the assumption
of uncorrelated statistical uncertainties. For presentational clarity, the statisti-
cal uncertainty of low precision STXS regions are clipped in the plot.
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Figure 6.13: Correlation matrix for the linearized SMEFT model for the observed data (top)
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Profile likelihood scans of the fitted coefficients cg on SM expected and ob-

served data, comparing the SMEFT linearized model (blue) and the SMEFT
linear plus quadratic model (orange). The horizontal dashed lines in each plot
correspond to the asymptotic threshold values for 68% and 95% confidence in-
tervals. Profile likelihood scans of the linear plus quadratic model can exhibit
2 minima in the scanned parameter, whereas scans of the linearized model can
only have one minimum per parameter. Multiple minima in the coefficients cg
that are profiled in each scan may furthermore result in discontinuities in the

profile likelihood.
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SMEFT Interpretation of ATLAS
Run-2 measurements of Higgs boson
measurements

Since the discovery of the Higgs boson in 2012, the ATLAS experiment has recorded
more than 30 times as many Higgs bosons with respect to the dataset used in the
discovery, allowing much more precise measurements and stringent tests of the
Standard Model.

This chapter presents the SMEFT interpretation of the combined Higgs boson mea-
surements based on the dataset collected by the ATLAS experiment during Run-2
of the LHC. With respect to the analysis discussed in Chapter 6, several improve-
ments have been implemented. The SMEFT flavor symmetry requirement has been
relaxed to account for a dedicated treatment of the top and bottom quark, as well
as all lepton families. Additionally, the parametric form of the SMEFT dependence
is updated to avoid a Taylor expansion. Finally, many new input channels are in-
cluded and are described below in Section 7.1. These include both high statistics
channels, such as H - WW?* — lvlv, and rare searches, such as H — up, and
allow to extend the sensitivity to SMEFT operators.

7.1 Input Analyses

The results presented in this chapter are updated with additional inputs that cover
the five major Higgs boson decay channels and include two rare decay channels.
The decay channels measured for the targeted production modes used in each
input analysis are summarized in Table 7.1. The new input analyses which have
not already been described in Chapter 6 are described further here.

7.1.1 H - WW* — evpuv

The H - WW* channel has a large branching fraction (21.8%) and benefits from
a relatively low background from other SM processes due to having two charged

O(U
149 ©



o

150 Chapter 7. ATLAS Higgs SMEFT interpretation of Full Run-2 data

Analysis L

Reference  Binning

Decay channel Production mode
H=yy (ggF, VBF, WH, ZH, tiH, tH) 2181 STXS-1.2
H=2zz (ZZ* - 40: ggF, VBE, WH + ZH, tiH + tH) L1061 STXS-1.2
H— 1t (ggF, VBF, WH + ZH, tTH + tH) [214] STXS-1.2
H — Ww* (ggH, VBF) [215] STXS-1.2
H — bb (WH, ZH) [197,216] STXS-1.2
(VBF) [217] STXS-1.2
(ttH + tH) [218] STXS-1.2
(boosted Higgs bosons: inclusive production) [219] STXS-1.2
H— Zy (inclusive production) [220] STXS-0*
H— up (ggH + ttH + tH, VBF + WH + ZH) [221] STXS-0*

Table 7.1: The decay channels (1st column), targeted production modes (2nd column) and
integrated luminosity £ (3rd column) of the dataset used for each analysis in-
cluded in the combined measurements of Higgs boson production and decay
rates, couplings and simplified template cross-sections. The references for the in-
put analyses. Note that for analysis targeting the STXS 1.2 framework, the bins
measured in the analyses are typically merged in regions where the analysis is
not sensitive to perform the kinematic split.
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7.1 Input Analyses

leptons of the different flavors in the final state. The decay also includes two un-
detected neutrinos in the final state, which poses a challenge in reconstructing the
kinematics of the Higgs boson decay. The STXS analysis of the H — WW* — evpuv
is described in [215] in detail.

The analysis requires two opposite-flavor leptons and varying numbers of jets de-
pending on the analysis category. Electron candidates with 15 GeV < Et < 25
GeV satisfy the TIGHT working point. For E1 > 25 GeV, the misidentification back-
grounds are less important, so electron candidates satisfying the MEDIUM likelihood
working point are chosen. For muons, the TIGHT working point, as defined in [201],
is used.

Jets with pt > 20 GeV and [n| < 4.5 are selected, with jets with pt > 30 GeV
being used for jet counting in the context of event categorization. Furthermore,
a jet-vertex-tagger multivariate discriminant selection, which reduces contamina-
tion from pile-up, is applied to jets with 20 < pt < 60 GeV and | < 2.4, utilizing
calorimeter and tracking information to separate hard-scatter jets from pile-up jets.
Jets containing b-hadrons (b-jets) are identified using a neural network discrimi-
nant satisfying the 85% b-jet tagging efficiency working point.

An important feature to distinguish Higgs boson production from the background
is the opening angle between the two leptons, which tends to be small for signal
due to the spin-0 nature of the Higgs boson and the chiral structure in the W boson
decay. Additionally, the final state may contain additional jets from quarks origi-
nating from VBF production or initial-state radiation from quarks or gluons. The
analysis is performed separately for different jet categories, i.e. Njey = 0, Njer =1,
and Nje > 2, and is further categorized for ggF and VBF signal production modes.

To reject background from top-quark production, events containing b-jets with
pT > 20 GeV are vetoed in all analysis categories. For the categories targeting the
ggF production mode, the di-lepton transverse mass is used as a discriminating
observable in the fit. For the Nj.¢ > 2 category targeting the VBF production
mode, the output of a deep neural network (DNN) trained to identify the VBF
topology is used as the discriminating variable in the fit. The analysis combines
all signal regions and measures eleven different bins, which correspond to merged
bins in the STXS Stage 1.2 framework.

7.1.2 H— 1t

The Higgs boson decay to a T+t~ pair has the largest branching fraction (6.3%) for
leptonic Higgs boson decays, which allows studying directly the Yukawa interac-
tion as well as the kinematic properties of Higgs boson production. Measurements
in this final state are experimentally challenging, as neutrinos in the final state

M
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originating from the decay of the t-leptons significantly degrade the measured
Higgs boson four-momentum resolution.

The analysis is described in detail in [214] and targets three di-T final states: two
hadronically decaying t-leptons (ThqqThad) ; One leptonically decaying t-lepton
and one hadronically decaying t-leptons (ThqaTiep) and two leptonically decay-
ing t-leptons with different flavors (T, Te). Additional categories are defined to tar-
get Higgs bosons produced in association with objects such as jets, vector bosons,
and top anti-top pairs.

The electrons used require the LOOSE identification criteria with pt > 15 GeV
as well as |n| < 2.47. In the Tty and TeThqq channels, the selected electron is
additionally required to satisfy the MEDIUM identification criteria with the LOOSE
isolation criteria. Muons with pt > 10 GeV and |n| < 2.5 satisfying the LOOSE iden-
tification criteria are used. Finally, in the TT,, and T, Thqq channels, the selected
muons are required to satisfy the TIGHT isolation requirement.

Hadronically decaying t-leptons, denoted by T qqvis, consists of a neutrino and
a set of pions, which is reconstructed using a recurrent neural network to discrim-
inate between jets initiated by quarks or gluons. A separate boosted decision tree
discriminant is used to reject electrons that are misidentified. Each Ty 44 vis is re-
constructed with the anti-k; algorithm and is required to have pt > 10 GeV and
Inl < 2.5. The Thqqvis Objects are also required to fulfill the MEDIUM identification
requirement in the signal regions of the TiepThad and ThaaThaa categories. Jets
are required to fulfill pt > 20 GeV and |n| < 2.5 are considered. For jets containing
b-hadrons, the DL1r b-tagging algorithm is used with the 85% efficiency working
point in the T T, and TiepThaa channels and the 70% efficiency working point in
the ThqdThaa channel. The missing transverse momentum ET'® is defined as the
negative vector sum of the transverse momenta of leptons, Trqq4,vis and jets, and
the soft-term.

The Higgs boson candidate is formed by the vector momentum sum of the visible -
lepton decay products and Eiss. Its invariant mass mMM€ is calculated using an
advanced likelihood-based technique, the Missing Mass Calculator (MMC) [222],
which relies on information about the t-lepton candidate momenta, the presence
of additional jets, E?iss and the type of t-lepton decay. For each channel in the
three T"1— final states, additional selection criteria are employed to enhance the
SM Higgs boson signal and ensure a robust estimate of the invariant mass of the
reconstructed TH1~ system. The events are further categorized in bins defined
to target regions in the STXS framework. The categorization is performed with
BDT taggers into the VBF, VH with hadronic-V decays (denoted V(had)H), and
tt(ODH — ThadThaa categories. The BDT taggers are designed inclusively for all
1t~ decay modes and make use of kinematic observables related to jet properties,
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angular distances, T properties, reconstructed Higgs observables, and the missing
transverse momentum.

High-p Higgs candidate events failing to meet the criteria of the VBF, V(had)H or
ttH categories, that have high-pt Higgs candidates are considered for the boosted
categories targeting ggF events. Boosted events are required to satisfy p?‘ > 100
GeV and are further separated by a pt! split at 120, 200, and 300 GeV to match the
requirements in the STXS framework. Additionally, events with pt! < 200 GeV are
separated into 1-jet and > 2-jet categories. The analysis measures cross-sections
of nine regions corresponding to bins defined within the STXS framework.

7.1.3 H— bb

The Higgs boson decay into bb quarks is the most commonly occurring decay of the
Higgs boson, with a branching fraction of 58%. However, this jet-only final state is
very challenging to identify in the pp collisions of the LHC. The analysis of Higgs
boson production in VH,H — bb where the two b-jets are resolved separately
is introduced in Chapter 6. In the following section, the other analyses from the
H — bb final state are described. These analyses are VH,H — bb with boosted
topology [216], ttH(H — bb) [218], VBF, (H — bb) [217], and boosted H — bb
with a hadronic recoil system [219].

7.1.3.1 VBF, H — bb

The final state of the VBF, H — bb process is characterized by two b-jets from
the decay of the Higgs boson and two light-quark jets with a large rapidity gap
coming from the spectator quarks. The analysis targets events with and without a
high pt forward jet two channels corresponding to the available triggers during
data-taking periods.

Jets are reconstructed from calorimeter clusters and tracks that together consti-
tute particle flow objects [223], and which are formed by applying the anti-k¢ jet
clustering algorithm with a radius parameter of R=0.4 [160, 224]. A multivariate
algorithm is used to identify jets containing b-hadrons [225], and the 77% and
85% working points are used.

Photons, electrons, and muons are identified in order to veto events that overlap
with other H — bb channels. Muons are additionally used in an embedding proce-
dure to determine the Z — bb background. A tight, cut-based selection is applied
to reject hadronic jets where a neutral meson carries most of the jet energy. Elec-
trons are reconstructed based on the LOOSE likelihood-based identification crite-
rion supplemented with LOOSE isolation requirements [202]. Muons reconstructed
are required to satisfy LOOSE identification and isolation requirements [201].
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Chapter 7. ATLAS Higgs SMEFT interpretation of Full Run-2 data

The background consists of events from two processes: non-resonant QCD multijet
and Z — bb. The Z — bb contribution is constrained directly from data using an
embedding process in which Z — u~u™ events are selected in data, the muons
are replaced with b-jets from simulation, and the analysis selections are applied
to determine the number of selected Z — bb events. The multijet background
shape is determined from the data, and the same shape is used in all regions
for each channel. Events are divided into regions of varying signal-to-background
composition by using an adversarial neural network (ANN). The ANN is trained
on signal Monte Carlo (MC) events and data sidebands and defined such that
the classifier output score is independent of the invariant mass of the two b-jets
(m,p)- Each channel is divided into five regions of varying sensitivity based on the
ANN classifier score. The inclusive VBF Higgs boson signal is extracted through a
simultaneous fit of the signal and background contributions to m,g spectrum in
all channels and regions.

7.1.3.2 VH, H — bb (boosted)

The VH, H — bb boosted analysis reconstructs Higgs bosons at large transverse
momentum. In the boosted regime, the b-jets originating from the Higgs boson
decay are close to each other and cannot be reconstructed separately as two small-
R jets, as is done in the VH, H — bb resolved analysis [197]. Instead, the Higgs
boson is reconstructed as a single large-radius (large-R) jet with radius parameter
R=1.0. The variable used to discriminate the Higgs boson signal from the back-
ground is the invariant mass of the large-R jet (my). The measurements at high-
pT regions of this analysis have enhanced sensitivity to SMEFT operators. Similar
to the resolved analysis, the boosted analysis has separate regions defined by the
number of reconstructed leptons corresponding to 0-,1- and 2-lepton channels.

Two types of leptons are defined, corresponding to a baseline lepton selection
and a subset known as signal lepton with tighter selections. The low-threshold
(7 GeV) baseline leptons are used to define the three main channels requiring
exactly zero, one, and two leptons. The latter 1- and 2-lepton channels further
require at least one signal lepton, with identification and isolation requirements
chosen to optimize the suppression of the multijet background. Signal leptons
must have a pt > 27 GeV, except in the 1-lepton muon sub-channel, where a
pT > 25 GeV is used. The identification criteria for leptons closely follow the
resolved analysis described in Section 6.1.3. Calorimeter jets are reconstructed
from topological clusters of calorimeter energy deposits [226] using the anti-k
algorithm with radius parameter R=1.0 for large-R jets or R = 0.4 for small-R
jets [160, 224]. Large-R jets are groomed using a trimming algorithm [227] to
improve jet mass resolution and to maintain stability with respect to pile-up by
discarding softer components of jets arising from initial-state radiation, pile-up
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interactions, or the underlying event. Large-R jets are required to have pt > 250
GeV, m;> 50 GeV and n| < 2.0. Small-R jets are used in building the missing
transverse momentum and event categorization and are required to have pt >
30 GeV and [n|<4.5. Track-jets formed from charged-particle tracks are used to
reconstruct a candidate two-body H — bb decay within the large-R jet. Track-
jets are built with the anti-k, algorithm with a py-dependent variable radius (VR)
parameter from tracks reconstructed in the inner detector with pt>0.5 GeV and
| <2.5. Only VR track-jets with pt > 10 G€V, || < 2.5 and with at least two
constituents are considered. In order to identify track-jets containing b-hadrons,
track-jet candidates are tagged with the multivariate b-tagging algorithm [225]
configured at the 70% working point.

The dominant background processes after the event selection correspond to the
production of V+jets, tt, single-top, di-bosons, and multijet events with varying
compositions in the 0-,1- and 2-lepton channels. All background distributions prior
to the fit, except those for multijet, are estimated from samples of simulated events.
The multijet distributions are determined using data. In all channels, events are
required to contain at least one large-R jet with pt > 250 GeV and [n|<2.0. Events
are further categorized into two associated weak boson transverse momentum
(pY) bins with 250 < pY < 400 GeV and with pY > 400 GeV to improve the
discrimination of signal from the background due to their different kinematic be-
havior. The signal is extracted from a profile likelihood fit to the large-R jet mass,
combining several signal and control regions. The cross-section measurements are
performed within the simplified template cross-section (STXS) framework and al-
low measuring four regions corresponding to 250 < p¥ < 400 GeV, 400 < p¥’
GeV, 250 < p% < 400 GeV and 400 < p% GeV.

7.1.3.3 ttH, H — bb

The ttH process allows for direct measurement of Higgs boson coupling to top
quarks. The H — bb decay allows to reconstruct the kinematic properties of the
Higgs boson, which provides information on additional SMEFT operators. The ttH,
H — bb analysis aims to select events with a Higgs boson produced in association
with a pair of top-anti-top quarks and decaying into a pair of b-quarks, in which
one or both top quarks decay semi-leptonically, producing an electron or a muon.
Due to many final-state particles, the main challenges are the low efficiency in
reconstructing and identify all of them, the large combinatorial ambiguities when
trying to match the observed objects to the decay products of the Higgs boson and
the top quarks, and the large background of tt + jets process.

Electrons are required to have pt > 10 GeV and [n| < 2.47 and satisfy the MEDIUM
likelihood-based identification criterion. Muons are required to have pt > 10 GeV
and |n| < 2.5 and to satisfy the LOOSE identification criteria. Jets are identified us-
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Chapter 7. ATLAS Higgs SMEFT interpretation of Full Run-2 data

ing the anti-k¢ algorithm with a radius parameter of 0.4 for small-R jets and R=1.0
for large-R jets. Jets are required to satisfy pt > 25 GeV and [n| < 2.5. Jets contain-
ing b-hadrons are identified using the multivariate b-tagging algorithm [225]. Four
b-tagging working points with efficiencies ranging from 60% to 85% are used for
jets with pt > 20 GeV. Hadronically decaying t-leptons (tyq4) are distinguished
from jets using their track multiplicity and a multivariate discriminant based on
calorimetric shower shapes and tracking information. They are required to have
pT > 25 GeV and |n| < 2.5, and to pass the MEDIUM identification working point.

In order to target the ttH(bb) final state, events are categorized into exclusive
regions defined by the number of leptons, the number of jets, the number of b-
tagged jets at different b-tagging efficiencies (60%, 70%, 77%, or 85%) and the
number of boosted Higgs boson candidates. Higgs boson candidates are recon-
structed using a DNN in the boosted category. In the resolved category, one set of
boosted decision trees (BDT), known as reconstruction BDT, is used to associate
the reconstructed jets to the final state partons. Another set of BDTs, referred to
as classification BDT, are then employed to separate signal from background in
each of the signal regions. Dedicated control regions are used to constrain the
normalization of the backgrounds and the systematic uncertainties when used in
a combined fit with the signal regions. The analysis measures the cross-section of
five regions of transverse momentum of the Higgs boson, p!}, as defined within
the STXS framework.

7.1.3.4 boosted all-hadronic, H — bb

The boosted all-hadronic H — bb analysis reconstructs Higgs bosons produced
at high transverse momentum, where the effect of some SMEFT operators is en-
hanced. The Higgs boson is reconstructed as a single large-R jet with radius param-
eter R=1.0, along with a requirement of an energetic hadronic recoil to suppress
background. The analysis does not have further criteria to select a specific Higgs
boson production mode.

Calorimeter jets are reconstructed from topological clusters of calorimeter energy
deposits [226] using the anti-k{ algorithm with radius parameter R=1.0 jets [160,
224]. Track-jets with pt > 10 GeV and [n|<2.5 are considered to identify the
H — bb decay candidate. A multivariate discriminant is used to tag track-jets
originating from b-quarks with a 77% efficiency. Muons are required to have ||
< 2.5, pf > 10 GeV, and small impact parameter and satisfy the MEDIUM quality
criterion.

The dominant background is multijet production; the remaining background con-
tributions include hadronically decaying vector bosons produced in association
with jets (V+jets) and events with one or two top quarks. Since the invariant mass
peaks originating from Higgs and Z boson decays appear on top of a smoothly
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falling background distribution, the signal is extracted from the reconstructed jet
mass distribution. Events are categorized into three exclusive regions, consisting
of a signal region used to extract the signal strength, a control region to measure
the rate of top quark events, and a validation region to measure the rate of the
multijet and V+jets background models. A dedicated tt control region is defined
to reconstruct tt events with one semileptonic decay and one hadronic decay. It
provides a highly pure sample of top quark pair events to determine the tt yield in
conditions similar to the signal region. The discriminating observable in the signal
extraction fit is the boosted jet mass m;. The monotonically decreasing jet mass
spectrum of the multijet background is modeled with an exponential function of
polynomial expression, using a separate function for each region.

7.1.4 H — pp

The H — pp decay is a promising channel to measure the Higgs boson coupling to
second-generation fermions. However, Higgs decay to two muons is a rare process
and has a branching fraction of 0.02 %. The analysis is performed in 20 distinct
event categories, targeting different Higgs boson production modes (ttH, VH, ggF,
and VBF) with varying signal purity. The analysis is described in detail in [221].

Muon candidates are required to satisfy the LOOSE criteria [201] and have py > 6
GeV and |n| < 2.7. Additional requirements are imposed on the track parameters to
ensure that the muon originates from the primary vertex. Up to one final-state pho-
ton candidate per event is included in the m,, calculation to improve the signal re-
construction, as muons may lose a significant fraction of their energy by final-state
radiation denoted FSR. Only photon candidates close to muons (AR(y, u) < 0.2)
are used in the reconstruction. In order to reduce background from pile-up inter-
actions, a variable threshold is imposed on the photon transverse momentum p.,
with the threshold increasing linearly from p) = 3 GeV for AR = 0 to p} = 8
GeV for AR = 0.2. Electrons are required to satisfy MEDIUM identification criteria,
to have pr > 7 GeéV and |n| < 2.47 and to be outside the region of 1.37 < |n| < 1.52.
Similarly to muons, electrons are required to be isolated from additional activity
measured by ID tracks and the calorimeter energy deposits within AR < 0.2 and
to be matched to the primary vertex.

Jets are reconstructed from particle flow objects using the anti-k¢ algorithm with
a radius parameter of R = 0.4. Candidate jets must have [n| < 4.5, and the jet
pT must be larger than 25(30) GeV for | < 2.4(2.4 < |n| < 4.5). Jets containing
b-hadrons with |n| < 2.5 are identified as b-tagged jets using a multivariate b-
tagging algorithm. Two identification working points are used to provide a 60%
(85%) efficiency in tt events and a rejection factor of 1200 (25) for light-flavor
jets, respectively.
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The analysis selects events with two opposite-charge muons and classifies them
into 20 exclusive categories based on the event topology and multivariate discrim-
inant scores to increase the signal sensitivity. After event categorization, the signal
yield is extracted by a simultaneous fit to the 20 di-muon mass (m,,,) distributions
in the range 110-160 GeV together with background normalization and shape pa-
rameters, exploiting the resonant behavior of the Higgs boson signal.

7.1.5 H — Zy

The rare decay of a Higgs boson to a Z boson and a photon has a branching fraction
of (0.16%) and is mediated at leading order by loop diagrams. The Z boson decays
into electron or muon pairs can be efficiently triggered and clearly distinguished
from background events. Additionally, the Z(— 1)y (I = e or p) final state can be
reconstructed completely with good invariant mass resolution and relatively small
backgrounds. The analysis is described in detail in [220].

Events are required to have at least one photon candidate and at least two same-
flavor opposite-charge leptons (1 = e, 1) associated with a primary vertex candi-
date.

Muon candidates are required to satisfy the MEDIUM identification criteria, to be
within [n| < 2.7, and have pt > 10 GeV. Electrons are required to satisfy the
LOOSE identification criteria, be within [n| < 2.47 and have pt > 10 GeV. Pho-
ton candidates are required to satisfy pt > 10 GeV, | < 2.37 and are based
on the tight identification criteria. In order to ensure that muon and electron
candidates originate from the primary vertex, requirements are imposed on the
longitudinal impact parameter. To suppress leptons from heavy-flavor decays, ad-
ditional requirements are placed on the track fit of muons and electrons. Jets are
reconstructed from topological clusters using the anti-k; parameter of 0.4 and are
required to have pt > 25 GeV and |n| < 4.4.

In order to improve sensitivity to the H — Zy signal, the selected events are clas-
sified into six categories based on lepton flavor and event kinematics. Additionally,
a BDT trained to separate the VBF signal events from other Higgs boson produc-
tion modes and backgrounds is used to define a category of events with at least
two jets. A double-sided Crystal Ball function describes the signal in the various
categories over a smoothly falling background function chosen from a set of para-
metric functions. The analysis measures the inclusive signal strength of H — Zy.
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7.2 Simplified Template cross-section measurements
per channel

For the interpretations based on the SMEFT framework, measurements of simpli-
fied template cross-sections (STXS) of various Higgs boson production processes
in the regions of phase space defined within the STXS framework [88, 174, 228,
229] are used.

Analyses of the most sensitive production modes performed with the full Run 2
dataset, labeled STXS-1.2 in Table 7.1, report measurements of signal yield scale
factors in the more fine-grained Stage-1.2 definition of Higgs boson production
cross-sections that partitions the Stage-O regions in particle-level kinematic vol-
umes, such as in a few coarse 1ntervals of Higgs boson transverse momentum
(ptY). The ensemble of parameters HS'TXS ., describes deviations in differential
distributions, with the level of detail controlled by the number of particle-level
regions that are defined.

The precision with which the more fine-grained set of scale factors ”é%(xsx ., canbe

measured depends on the design of the analysis, as well as the amount of available
data. As individual analyses provide only limited sensitivity to some of the Stage-
1.2 categories with the current dataset, some of these categories are merged with
respect to the Stage-1.2 definitions given in [88]. Details of the merged category
definitions in each analysis are provided in references [196, 197, 213-219]. The
grouping of the production modes for STXS-0* and STXS-1.2 regions is also shown
in the second column of Table 7.1.

After merging, a total of 78 signal yield parameters are extracted from the STXS
measurements listed in Table 7.1. The kinematic definitions of these 78 STXS sig-
nal yield parameters, along with their measured signal strengths (i.e. their ratios
to the corresponding SM predictions) and uncertainties are shown in Figures 7.1-
7.3. While the data underlying the measurements in these figures is the same as
that used for the interpretation of the combined Higgs boson measurements shown
in [168], the granularity of the STXS model used here is substantially larger, pro-
viding additional constraining power for the parameters of the SMEFT interpre-
tation of the data. The x? for the compatibility between the observed values and
the SM hypothesis is 50 for 78 degrees of freedom, corresponding to a p-value of
99.4%.

7.3 SMEFT parametrization

The interpretation of the Higgs boson measurements in terms of SMEFT is per-
formed with the top flavor symmetry scheme for EFT operators. The flavor sym-
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Figure 7.1:
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Measured signal strength for each of the H - WW* and H — ZZ* STXS cat-
egories included in the combination. In the H — ZZ* analysis, VH production
events with the vector boson V decaying to leptons are assigned to the VHlep
category. In one category, the negative uncertainty is truncated, as indicated by
the hatched region, which corresponds to cross-section values for which the to-
tal yield prediction in an analysis region is negative. In that case, the negative
uncertainty and its breakdown in terms of statistical and systematic components

are not reported.
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Figure 7.2: Measured signal strength for each of the H — yy and H — Zy STXS categories
included in the combination. In the H — vy analysis, events with two or more
particle-level jets are assigned to the VH-veto (VH-had) categories if the leading
di-jet invariant mass m;; is in the range m;; < 60 GeV or 120 < my; < 350 GeV
(60 < my; < 120 GeV). In one category, the uncertainty is truncated, as in-
dicated by the hatched region, which corresponds to cross-section values for
which the total yield prediction in an analysis region is negative. In that case,
the negative uncertainty and its breakdown in terms of statistical and system-
atic components are not reported.
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Figure 7.3: Measured signal strength for each of the H — 77, bb, and pp STXS categories
implemented.
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7.3 SMEFT parametrization

metry is discussed earlier in Section 2.3.3. Table 7.2 lists the operators considered
in the analysis of STXS data and their corresponding Wilson coefficients c;. Only
CP-even dimension — 6 operators are listed for which the A~2-suppressed contri-
bution to any of the STXS measurements shown in Figures 7.1-7.3 exceeds 0.1%
with respect to the SM prediction at ¢; = 1. A value of A = 1TeV is assumed,
coefficients for alternative values of A = X can be obtained through a scaling of
the results by a factor (X/1TeV)2. All Wilson coefficients are assumed to be real.

Figure 7.4 shows the impact of linear and linear+quadratic terms on production
and decay rates corresponding to
o 1 +A]."H~>X
AL and —_—) 1,
) 1+A]

respectively.

For the linear parametrization, the scenario where the total width is not Taylor
expanded is considered as described in Section 5.3.1. The dependence of the sig-
nal strength is parametrized as a function of the Wilson coefficients using Equa-
tion 5.14 for the linear case and using Equation 5.18 for the case with linear and
quadratic terms.

The relative importance of the quadratic term increases linearly with the consid-
ered variation of the corresponding Wilson coefficient. Figure 7.4 shows that the
quadratic terms have the highest impact in the high-pt regions of VH production
for the coefficients c{} a4’ e q CHd/ CHu, On high-pr (inclusive) ttH production for

the coefficients cig, cgf), C(Qg’;; ), c,([z), C(le)ﬂ c,([i), cg, and in the tH channel for

. (3) (3,1
the coefficients CHQ and CQq -

The impact of experimental selections can affect the parametrization of the STXS
regions as discussed earlier in Chapter 5.3.3. The impact of acceptance effects is
evaluated for all operators in Table 7.2 that can affect TH—4%" or THXWW? i ¢
CHO, CHD> CHW, CHB> CHWB,» Cﬁl,]]’ Cﬁ)l,zz, C(ﬁiup Cﬂl,zz, CHe,11> CHe,22 and
11,1221, and is observed to be non-negligible for four of these, cyw/, CHB, CHWB.,
and c{},. For these, the corresponding recalculated factors A]H*X,B].F{_)X(X =
WW*, Z7*) with approximate acceptance modeling are used in the STXS SMEFT

analysis.

Figure 7.5 illustrates the effect of the cyw operator on the acceptance in the
H — WW* and H — ZZ* decay modes. The acceptance correction is not used in
the differential analysis of H — ZZ*, as none of the three operators analyzed for
that measurement are affected. For all other Higgs boson decays, the acceptance
effects from SMEFT operators are neglected.

Onwe
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Wilson coefficient Operator Wilson coefficient Operator

CH (HTH)? cgq” (QvuQ)(av*aq)
CHD (HTH)O(HTH) chy) QT Q)(aT " a)

cq reveGEGlP eyt oy’ (QovuQ)(@c'ya)
cw ek wprwrwet Q. (QU*T4y,.Q) (o ToyHa)
cHD (HID¥H)" (HID,H) ey (q(,w)(qwq)
CHG HTH G, GAHY cﬂg (Tyut)(wy

CHB HTH B B®Y cii) ATy pt) (@T 4y )
CHW HIHWL wiwy c,(czi) (tyut)(dy*d)
CHWEB HitTTHW! BrY cii) (T, t)(dTyHd)
B (HID W) Ty Cou (QvuQ)(EyHu)
cfh1.22 (B W H) Ty COn (QTyLQ)(aTey )
c¥ss (HID W H) (T3ys) cha (QvuQ)(@vHd)
SHRE (D L) Ty o (QTevuQ)@reya)
¢z Hi DL H) Mty ety (@ya) (Y4
ch.33 (LD L)Ly L) ety (@Toyya)(ETeyhy)
CHe,11 (D W H) (e1yMer) CeH,22 (HTH)(Tze2H)
CHe,22 (HHD L H)(@v*er) CeH,33 (HTH)(T3e3H)
CHe,33 (HHD ) (e37es) Cumt (HPH) (gYiur)
Chg P S Cen (HTH)(QFtt)
Ciig (Hi DL H) (arlyra) CoH (HTH)(QHb)
CHu (1D W H) (T y M) cia (Qo*YTAYH GA,
CHd (1D W H) (@pyHdr) Cew (Qa* )T HWL,
cHo (H D WH) (QYHQ) cup (Qo*" By
CS()Q (HH%}LH)(QTIV”Q) C11,1221 (Trypl2) (L2yH* )
Cht (HID W H) (Byy)

CHb (D H) (ByHb)

Table 7.2: Wilson coefficients ¢ and corresponding dimension —6 SMEFT operators O;
used in this analysis. The operator and coefficient notation follows the conven-
tion of [195].
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Figure 7.4: Expected impact of the most relevant SMEFT operators on the observables O
(cross-sections in STXS-1.2 regions or decay branching ratios), relative to the
SM predictions, for the linearized SMEFT model (shaded histogram) and the
linear+quadratic SMEFT model (open histogram). The values of the Wilson co-
efficients, specified in the legend, are chosen to show the distribution of the
operator impact in the same range as the typical uncertainty of the measure-
ment. To judge the experimental sensitivity to constrain the operators from the
data, the total uncertainty on the measurement of each observable is shown
in the top panel. For columns corresponding to multiple measurements of the
same observable, the shown uncertainty reflects the uncertainty on the average
under the assumption of uncorrelated uncertainties. For presentational clarity,
the uncertainty of low-precision measurements is clipped off in the plot.

7.4 Choice of sensitive parameters

A modified basis ¢’ is estimated from data to constrain sensitive directions in the
SMEFT parameter space as detailed in Section 6.5. Figure 7.6 lists the eigenvectors
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Figure 7.5: Illustration of the effect of a variation of the SMEFT coefficient ¢y, on kine-
matic observables used in the event selection: (a) impact on the dilepton invari-
ant mass in the H - WW* — evpv analysis, and (b) impact on the invariant
mass of the 3rd and 4th pr-ranked lepton in the H — ZZ* — 4{ analysis. The
vertical dotted lines indicate the selection criteria applied on the corresponding
variables by the H — WW™* analysis (10 < my¢ < 55 GeV) and by the H — ZZ*
analysis (mz, > 12 GeV). The gray bands show the statistical uncertainty of
the SMEFT simulation.

obtained from the expected measurements and accounting for the observed values
of nuisance parameters, ranked by eigenvalue and truncated to eigenvalues A; >
0.01, corresponding to a truncation at an estimated uncertainty of o(evi!!) < 10,
well beyond the validity range of the Wilson coefficients of O(1).

From the ranking shown in Figure 7.6 and a survey of the sensitivity of the STXS
regions to the Wilson coefficients in the linearized model, as shown in Figure 7.4,
the following observations are made:

* The coefficients cey,33, Cer,22, and cppy, representing the Yukawa coupling
modifiers of the H — 71, H — pp, and H — bb decays respectively, can be
individually measured from the corresponding Higgs channels that enter the
combination. There are weak correlations of these operators with other SMEFT
operators, primarily for ¢y, through their contribution to the total Higgs boson
width.

* The coefficient CS ()1 affects both the WH and ZH production modes with an

increasing impact as a function of the transverse momentum py’ of the W and
Z bosons, and is constrained almost exclusively by the VH, H — bb analysis.
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* The coefficients cg, ctg and ¢y are constrained by ggH and ttH production.
As the uncertainties of the constrained directions span more than two orders of
magnitude, it is beneficial to represent them by decorrelated parameters, even
though the rotation matrix required to decorrelate them is close to an identity
matrix.

* The coefficients cyg, cHw, CHWB, ¢t and ciy are constrained in two direc-
tions through their impacts on the branching ratios of the H — yy and H — Zy
decays. There is an additional small impact of these operators on VBF and VH
production, mildly constraining a third direction in this parameter group.

- 1 1 .
* The coefficients ¢y, c](ﬂ()], CHd> c,(j’l)%,cm, CHe,33> c,(ﬂ)% and cyyp mainly

affect the W and Z vertices with third generation fermions, as well as the neutral
current interactions with quarks. They are primarily constrained by the VH,
H — bb analysis.

* The coefficients of the four-fermion operators involving the top-quark, i.e. cgf),

(3,1) (8) (8) _(8) (&) (& (38 _(1,1) (1) (1) (1) (1)
Q4q > Ctq > Cow CtuCtd > CQa €Qq » CQq ,ctu,ctq,cQu,anchd,aswell

as the trilinear gluon coupling cg, affect the ttH and tH production modes and
are largely degenerate. The p]; spectrum measured in the H — yy and H —
bb channels constrains two linear combinations of these 14 coefficients. The
separate constraint on tH production in the H — yy analysis weakly constrains
a third direction in this group.

* The coefficients c1y 1221, c,(jl)”, and CSB 5, primarily effectuate a shift in the

Fermi constant, resulting in an overall normalization factor across different pro-
duction modes. The coefficient ¢y only affects the measurements through a
Higgs propagator correction and thus acts similarly as an overall scale factor
in the observed cross-sections. Only a single linear combination of these four
operators can be constrained from the data.

- 1 1 .
* The coefficients c,(ﬂ),]], C}(ﬂ),zz’ CHe,11 and cHe22 introduce anomalous HZee

and HZpu vertices and are mainly constrained by the branching ratio of the
Higgs boson decay to four leptons (electrons or muons) together with cypp
(responsible for an anomalous HZZ vertex) and c}(fgg, cﬂgg (leading to HZtt

and HZbb couplings that modify the Z boson propagator).

Based on these observations, a new fit basis ¢’ is defined that achieves both fit
stability and a reasonable interpretability of the fit parameters. This basis ¢’ is
expressed in terms of single Warsaw basis coefficients c¢; whenever possible and

(M
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in terms of linear combinations (denoted with e) of coefficients when necessary:

c¢= {cen,22} U ¢ = {cen22t U
{cen3sty {cen3sty
{cﬂq} U {cﬂq} U
{con U {chbH} U
{cHG, cra cent U - {ego,]p egé]p, e?g]F} U
{cHB, cHw, cHwB, ctB, ctw ]} U - {eui,ylzy, eﬁ]wzy, eﬁ]w,,zy} U
{eHu, CS;rCHdr S
CH, CHe 33, Cy{ 33, CHb} U > leZlueqn eneqlU
fea, el 31 cf8) (8] (8) o(5)
5 Bl ), ey el B

1

(3) (3) (1l
{cHo, CH1,117/ CHL,227 Cll,1221} u {eglob} U

(1) (1) (3) (1) [l
{CHl,]]’CHl,ZZ’ CHe,]1/CHe,22rCHDDrCHQrCHQ} - {eHllll}'

Only subgroup eigenvectors with an expected uncertainty < 10 are retained as
model parameters, while the coefficients of the eigenvectors with larger expected
uncertainties are fixed to zero in the likelihood function. The subgroup eigenvec-
tor directions relative to the Warsaw basis are shown in Figure 7.7. The names
of the eigenvectors have been chosen to reflect the production or decay process
that dominates the experimental sensitivity of the parameter group, as shown in
Figure 7.4, although single parameters within some of the groups sometimes have
a dominant sensitivity to another process.

No separate optimization of the parameter basis ¢’ is performed for the quadratic
SMEFT model of Equation 5.18 as the non-linear effects of this model are expected
to vanish for small c;, and thus to asymptotically yield the same rotation matrix as
Equation 6.6.

The impacts of the variations of the coefficients of the rotated basis ¢’ on the
STXS regions and Higgs boson branching ratios are shown in Figure 7.8, with the
same parameter grouping as shown in Figure 7.4. The figure clearly demonstrates
that the basis ¢’ represents impact variations across regions that are much less
correlated than those represented by the Warsaw basis ¢. The magnitude of the
parameter variations shown in Figure 7.8 are set to the expected uncertainty for
each parameter in the linear SMEFT model, thus giving a realistic indication of the
magnitude of variations that can be constrained from the data. For completeness,
the impact of the quadratic terms for the same values of the parameter basis is
overlaid, indicating the relative magnitude of the quadratic terms at the expected
sensitivity level of the linear model.

(8)
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Figure 7.8: Impact of coefficients of the rotated basis ¢’ on the STXS regions, relative to the
SM cross-section, under the assumption of the linearized SMEFT model (shaded
histogram) and the linear+quadratic SMEFT model (open histogram). For all
coefficients, a variation equal to the expected uncertainty when using the lin-
earized model is shown. Groupings in this figure are consistent with those in Fig-
ure 7.4, but vertical axis scales differ in order to completely show all quadratic
impact terms, which can occasionally be very large. To judge the experimental
sensitivity to constrain the operators from the data in the listed STXS regions,
the total uncertainty on the corresponding regions is shown in the top panel. For
presentational clarity, the uncertainty of low precision STXS regions is clipped
off in the plot.
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7.5 Results

Linear model Figure 7.9 compares the expected and observed results obtained
using the linearized SMEFT model, showing good agreement of the observed data
with the SM expectation, corresponding to a p-value of 94.5%. The parameter
value ranges shown in the bottom panel correspond to 68% and 95% confidence
level (CL) intervals, where all other coefficients and nuisance parameters are pro-
filed. The observed uncertainties are generally about 10% smaller than the ex-
pected uncertainties due to the fact that the assumed Higgs boson width, when
computed with the observed parameter values, is smaller than its SM expectation
value. This effect is mostly driven by a high observed value of cy, 1, which corre-
sponds to a reduced value of I’ —®_This reduction of the observed linear model
uncertainties is comparable to that of the reduced observed uncertainties in the
k model analysis of the same data reported in [168], due to an equivalently low
measurement of Ky,

Figure 7.9 also shows the contributions of each measured Higgs boson decay or
production mode to the sensitivity of each measurement of the coefficients of the
rotated basis. The contribution of a measurement 1i to the sensitivity for a coeffi-
cient cg is determined from the ratio of the Fisher information Ji(c;) of that mea-
surement to the sum of the Fisher information of all contributing components, i.e.
>k Uk(cg ), where in all cases the Fisher information is estimated as the inverse of
the covariance matrix Vsygrr, as defined in Equation 6.5. This breakdown reveals
that six parameters are (almost) exclusively measured by a single decay channel:
the Yukawa coefficient cyy¢ 2, by the decay channel H — uu; the Yukawa coef-

ficient cyye,33 by the decay mode H — 7t respectively; the coefficient CS ; by

H — bb due to the large sensitivity of this channel to the VH production mode; co-
efficient el[:ll/v zy H=vy which affects the branching ratio of H — yvy; coefficient

(2]
®Hyy,zy
e,[l]lm by H — ZZ* — 41 which affects the branching ratio of H — ZZ* — 41. Due
to its large effect on the Higgs boson width, the measurement of the Yukawa coeffi-
cient ¢, is not dominated by H — bb, but instead constrained by a combination
of measured decays. Similarly, five parameters are measured (almost) exclusively
by a single production mode: coefficient egg]F by ggH production, egil by ZH pro-

duction, et[tll}{ and et[tzl}{ by ttH production at high-pr and medium-p respectively,

and et[fP]I by tH production. No measured coefficient is predominantly sensitive to

H — WW* decays, or to the VBF or WH production modes, as these processes are
affected by coefficients that are also affecting globally, such as eglgb or are better

(1] or 2
Hyy,Zy Hyy,Zy

H — Zy which affects the branching ratio of H — Zvy; the coefficient

constrained by other measurements, such as e where there is

M
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Figure 7.9: Comparison of the expected (gray) and observed (blue) parameters of the ro-

tated basis ¢/ with the SMEFT linearized model, where all other coefficients
and nuisance parameters are profiled. The middle panel shows the symmetrized
68% CL uncertainty o of each parameter measurement (left vertical axis) and
the corresponding energy scale A/\/s, A = 1 TeV that is probed (right vertical
axis). The bottom panel shows the measured parameter value (dot), 68% (solid
line), and 95% (dashed line) CL intervals, divided by the symmetrized uncer-
tainty 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 produc-
tion modes. The production category labeled ‘inc’ collects final states for which
the breakdown into production modes is not available (H — pp and H — Zy).
The 95% CL interval for et[tsl]{ has been truncated at the boundary at which the
logarithm of the likelihood function becomes undefined, resulting in a small un-
der coverage.
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a larger sensitivity to the HWW SMEFT coupling due to the interference with a
loop-suppressed SM contribution in H — yy and H — Zy respectively.

Analysis of parameter uncertainty sources Figure 7.10 illustrates the relative
importance of the various uncertainty components on the coefficients measured in
the linearized model, where the top panel shows the relative contributions of the
statistical and systematic components, and the bottom panel shows the relative
contributions of the experimental, signal theory and background theory contribu-
tions to the total systematic uncertainty, where signal theory systematic uncertain-
ties include both total cross-section uncertainties and acceptance uncertainties.

(1] 1] . o .
For parameters cye 33, egloband ey the fractional contribution of systematic

uncertainties is close to 50%; for parameters egg]F, eggzg]F, et[tg and et[tzl}{, the fractional

contribution of systematic uncertainties is around 40%; the remaining parame-
ters have smaller relative systematic uncertainties. In particular, the uncertainties
in the ce 22 and et[tsgl parameters, probed by the measurements of the rare pro-
cesses of H — up decay and tH production, respectively, are almost completely
dominated by the statistical component. The total systematic uncertainty of most
parameters is dominated by experimental systematic uncertainties, with the excep-

tion of e[gF and !l  where signal theory systematic uncertainties dominate, and

glob’
21 0]

2] . . :
Cool> CuH and e,;;, where background theory systematic uncertainties dominate.

The expected and observed correlation matrices are shown in Figure 7.11, and
show a reasonably good decorrelation achieved between the fit basis parameters:
over half of the off-diagonal elements are smaller than 0.1, and over 85% are
smaller than 0.3 in both the observed and expected matrix. A few exceptions stand
out, notably the correlation between eg;F and et[t]P]I and between egg]F and em/% Zy>
which are caused by a common sensitivity to ttH production and ggH H — vy,

respectively.

Quadratic model Figure 7.12 compares the expected and observed results ob-
tained using the SMEFT model including quadratic terms, showing again good
agreement of the observed data with the SM expectation, corresponding to a
p-value of 98.2%. For most parameters, the observed uncertainty is noticeably
smaller than the expected uncertainty. The cause of this discrepancy is related
to the appearance of quadratic parameter terms in the cross-section predictions,
which cause the likelihood function to generally have multiple minima in each pa-
rameter. In the expected result, most close-by minima that are exactly degenerate
with the global minimum merge into a single wider uncertainty interval. Con-
versely, in the observed result, the generally non-zero observed coefficient values
lift some of these minima to become local minima, thereby resulting in a narrower

(8)
Oud
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Figure 7.11: The (a) expected and (b) observed correlation matrix for the parameters of the rotated basis ¢’ obtained from a fit to the linearized
SMEFT model.
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interval around the remaining global minimum. This effect can be clearly seen in
more detail in the profile likelihood scans of each parameter, shown in Figures 7.13
and 7.14. Most secondary minima are raised by 1-2 units in —2log L, thus narrow-
ing the 68% confidence intervals, which are based on a unit threshold, but less so
the 95% confidence intervals based on a 3.84 unit threshold. For all parameters
with multiple solutions, the global minimum in the observed result resolves to the
minimum closest to a coefficient value of zero, with the exception of parameter
em/y, Zy where the minimum furthest from zero becomes the global minimum.
For the parameter c.}y7, there are two exactly degenerate minima. In that case,
the minimum closest to that of the interpretation with the linear model is quoted
as the best-fit result.

Almost all profile likelihood functions exhibit Gaussian behavior to a good approx-
imation within the 95% CL range of each parameter, although this is masked by
the appearance of degenerate solutions. The only exception is the expected profile
likelihood for the et[fP]I parameter in the linearized model, where a boundary occurs
at et[tsl]{ = —10, just before the likelihood threshold of the 95% CL is reached. Here,
the yield prediction in the high-pr region of the ttH, H— yy channel becomes neg-
ative for very negative values of etfl}{, rendering the likelihood undefined beyond
that point. The 95% CL interval for et[f’l}{ shown in Figures 7.9 and 7.15 has been

truncated at this boundary, resulting in a small under coverage.

Linear-Quadratic comparison Figure 7.15 compares the results for the lin-
earized model and the model with quadratic terms for the observed data and
shows that for several of the coefficients, the constraints from the model with the
quadratic terms are significantly stronger than those observed for the linear model.
In most cases, the stronger constraints arise from the relatively weak impact of the
BSM-SM interference term on the cross-section compared to the quadratic BSM
terms in specific production or decay modes.

Figure 7.8 illustrates the impact of both the linear model and the model with
quadratic terms, where the impact strength visualized for both models corresponds
to the expected 68% uncertainty of each fit basis parameter ¢’ under the linear
model. Comparatively, larger impacts of the quadratic model at these chosen pa-
rameter values identify STXS regions where quadratic terms outweigh the linear
terms at the measured scale and thus identify regions that predominantly pro-
vide the extra constraining power of the quadratic models. The strongest observed
sensitivity enhancements occur in eB}F, el2) and 3!, For coefficient e , the
gg ttH ttH ggF
quadratic term significantly increases sensitivity in the ggH, ZH and ttH produc-
tion modes as well as in the H — yy decay mode. For coefficients et[tzl}{ and et[fgl,
the quadratic term enhances sensitivity in high-pt ttH production and tH produc-

. . L 2] 3]
tion, respectively. Conversely, for the coefficients CooF and €l lyy,Zy> the effect of
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Figure 7.12: Comparison of the expected (gray) and observed (orange) parameters of the

rotated basis ¢’ with the SMEFT model with quadratic terms, where all other
coefficients and nuisance parameters are profiled. The top panel shows the
symmetrized 68% uncertainty o of each parameter measurement (left vertical
axis) and the corresponding energy scale A//o, A = 1 TeV that is probed
(right vertical axis). The bottom panel shows the measured parameter value,
68% (solid) and 95% (dashed) CL intervals, divided by the symmetrized un-
certainty shown in the top panel. Some of the observed intervals shown are
clipped off. Due to multiple minima, the likelihood curves from which these
CL intervals are derived are non-parabolic. For the parameter ¢y 22, for which
there are two degenerate minima in the interpretation of the model including
quadratic terms, the point corresponds to the best-fit value that is closest to
that of the interpretation with the linear model.
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the increased impacts of the quadratic terms is limited, and the strong reduction
in uncertainties is mostly driven by the lifting of degenerate solutions, as visible in
the profile likelihood scans in Figure 7.13.
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: . (3)
Operators in Warsaw basis: ce122, Ce133, CHgq and cpn
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Figure 7.13: Profile likelihood scans of the fitted coefficients of the rotated basis ¢’ obtained
from fits to the SM expectation (dashed lines) and the observed data (solid
lines), based on the SMEFT linearized model (blue) and the SMEFT model
with quadratic terms (orange). The horizontal dashed lines in each plot corre-
spond to the asymptotic threshold values for 68% and 95% CL intervals. The
profile likelihood scans of the SMEFT model with quadratic terms can exhibit
two minima in the scanned parameter. In contrast, the scans of the linearized
model have one minimum per parameter. Multiple minima in the coefficients
that are profiled in each scan may furthermore result in discontinuous deriva-
tives in the profile likelihood (e.g., prominently visible in the observed data in
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Figure 7.14: Profile likelihood scans of the fitted coefficients of the rotated basis ¢’ obtained

from fits to the SM expected (dashed lines) and to the observed data (solid
lines) based on the SMEFT linearized model (blue) and the SMEFT model with
quadratic terms (orange). The horizontal dashed lines in each plot correspond
to the asymptotic threshold values for 68% and 95% CL intervals. The profile
likelihood scans of the SMEFT model with quadratic terms can exhibit two
minima in the scanned parameter, whereas the scans of the linearized model
can only have one minimum per parameter. Multiple minima in the coefficients
that are profiled in each scan may furthermore result in discontinuous deriva-
tives in the profile likelihood (e.g., prominently visible in the observed data in
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Figure 7.15: Comparison of the observed parameters of the rotated basis ¢’ with the
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SMEFT linearized model (blue) and the model including quadratic terms (or-
ange), where all other coefficients and nuisance parameters are profiled. The
top panel shows the symmetrized 68% CL uncertainty o of each parameter
measurement (left vertical axis) and the corresponding energy scale A/y/s,
A = 1 TeV that is probed (right vertical axis). The bottom panel shows the
measured parameter value, 68% (solid) and 95% (dashed) CL intervals, di-
vided by the symmetrized uncertainty shown in the top panel. Some of the
intervals shown for the model with quadratics terms are clipped off. Due to
multiple minima, the likelihood curves from which these CL intervals are de-

rived are non-parabolic. The 95% CL interval for ettH has been truncated at the
boundary at which the log-likelihood becomes undefined, resulting in a small
undercoverage. For the parameter c.}y2, for which there are two degenerate
minima in the interpretation with the model, including quadratic terms, the
point corresponds to the best-fit value that is closest to that of the interpreta-
tion with the linear model.



7.6 Post-fit signal strength distribution

7.6 Post-fit signal strength distribution

In order to understand the role of the measurements in constraining the SMEFT
parameter space, the SMEFT constraints can be propagated to the signal strength
parameters. This procedure provides the post-fit distribution of the measurement
as constrained in SMEFT. This post-fit distribution not only informs which mea-
surements are limiting the current SMEFT constraints but also informs measure-
ments with their current observables that do not bring sufficient information to
the SMEFT fit. This information provides a guideline for future measurements to
be designed to improve the SMEFT by reducing the uncertainties on the measure-
ments that are limiting the SMEFT fit and choosing alternative observables that
can provide better constraints on the SMEFT parameter space.

The projection is based on the parameter estimates ¢’ of the observed data. Un-
certainties were projected using the corresponding covariance matrix Vggr for &’
estimators obtained from the data and projected to STXS cross-section space using

Vstxs = J.VerrJ ', (7.1

where the Jacobian J is defined as dy1;(c¢’)/dc¢jlc/—¢/. The post-fit distribution is
shown along with the measured signal strength in Figures 7.16 to 7.18. Bins where
the post-fit uncertainty is comparable to the data uncertainty, indicate that those
regions are the ones that limit the measurement of the SMEFT parameter space.
For the ttH, (bb) process, as shown in Figure 7.18, where the SMEFT impact of
the four-fermion operators in the cyop group is increasing with increasing pH,
the post-fit uncertainty on the bin pt! > 450 GeV is closest to that of the data
uncertainty. Conversely, for regions where the post-fit uncertainty is much smaller
than the data uncertainty, the data do not bring a significant constraint in the
SMEFT fit. This can be seen in the gg — H(bb) bins in Figure 7.18, where the
differences between the post-fit uncertainty and the measurement uncertainty are
large.
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SMEFT Interpretation of H - WW*
and WW production

8.1 Introduction

One of the strengths of SMEFT is that it can serve as a unifying interpretation
framework, allowing for consistent modeling of deviations from the SM across
different processes. In this chapter, two different processes are considered, one
measuring the Higgs boson production in the H - WW?* — lvlv decay channel
and the other that measures the production of WW.

Both measurements are sensitive to numerous dimension-six operators, and a
large fraction of those affect both measurements. The combination thus allows
to harness the complementarity between the sensitivity of the two processes.

8.2 Data and input measurements

Both the H — WW* [230] and the WW measurement [231] are based on 36.1 fb~!
of proton-proton collision data collected at /s =13 TeV by the ATLAS experiment
at the LHC during the years 2015 and 2016. The H — WW* measurement tar-
gets Higgs boson production via gluon fusion (ggF) and vector-boson fusion (VBF),
and Higgs boson decays through H — WW* — e®v.uTv,. It is performed in
three signal regions, with zero, one, and two jets. Signal candidates are selected
by requiring the presence of an isolated e*pT pair, with transverse momentum
thresholds of 22 and 15 GeV for the higher-pt (leading) and lower-pt (subleading)
lepton. Events with jets tagged as containing b-hadrons are rejected to suppress
background contributions originating from top-quark production.

The results are extracted in a maximum likelihood fit of two signal-strength param-
eters that correspond to the overall normalization of the ggF and VBF H — WW*
production processes relative to that of the SM. For the EFT interpretation, the
signal strength modifiers are parametrized in terms of Wilson coefficients.

The WW measurement accepts all production modes and e*vuFv final states.
The event selection suppresses H — WW* production by requiring the invariant
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mass of the two charged leptons, me,, to be greater than 55 GeV so that the pro-
duction of two on-shell W bosons dominates. A veto on jets with pr > 35 GeV
and [n| < 4.5 is employed in the signal region to suppress backgrounds from top
quark production. After subtracting backgrounds, the data is unfolded and fidu-
cial cross-sections are reported for a particle-level phase space that is similar to
the reconstruction-level event selection. The unfolded differential cross-section as
a function of the highest lepton transverse momentum, plTead' IEP', is analyzed here
for a SMEFT interpretation, as it is very sensitive to the effects of dimension-six
operators that increase in strength with the parton center-of-mass energy. The dif-
ferential cross-section is measured in 14 bins. The lowest threshold is 27 GeV, and
the last bin includes all events with plTead' 1P- 4 300 GeV or higher. The predicted
cross-section in each bin is parametrized in terms of Wilson coefficients.

The signal regions of the two measurements employ orthogonal event selections:
Mey > 55 GeVis required in the WW measurement and me,, < 55 GeV is required
in the H — WW?* measurement. However, the latter measurement uses events
with me,, > 55 to estimate the background from on-shell WW production, split
into two control regions for events with no reconstructed hadronic jets or with
exactly one jet. The WW measurement thus overlaps with the 0-jet control region
and, despite the jet-veto requirement, also with the 1-jet control region since the
H — WW* and WW measurements use different jet object definitions of pjﬁt >

30 GeV (H — WW*) and pjit > 35 GeV (WW) respectively.

For the combination, the corresponding control region of the H — WW* analysis
is removed, and the signal region of the WW measurement is used instead to
constrain the WW background yield in the H — WW* signal region.

8.3 Theoretical predictions

8.3.1 Simulation of SM processes

For the interpretation of both analyses, qq — e*vuTv production is modeled
using the SHERPA 2.2.2 [232] generator at NLO accuracy in QCD for up to one
additional parton, and LO accuracy for up to three additional parton emissions.
The NNPDF3.0NNLO set of parton distribution functions (PDF) is used [122],
along with the dedicated set of tuned parton-shower parameters developed by
the SHERPA authors. The total qq — eTvuTv cross-section predicted by this gen-
erator configuration is in good agreement with the NNLO cross-section [116, 233~
239]. In the phase space of the WW analysis, the gg — e*vuTv matrix element
calculation is based on the OPENLOOPS library [236, 239] that includes off-shell
effects and Higgs boson contributions. It incorporates up to one additional par-
ton emission at LO and is matched and merged with the SHERPA parton shower
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8.3 Theoretical predictions

based on Catani-Seymour dipole model [240, 241] using the MEPS@NLO pre-
scription [242-245]. The same parton shower and PDFs as for the qq — e*vu¥v
sample are employed. The gg-induced process is normalized to its NLO cross sec-
tion [246].

In the signal region of the H — WW* analysis, SM gg — WW production is sim-
ulated with the same setup as used for the WW analysis but excluding s-channel
Higgs boson contributions. The Higgs boson signal prediction is obtained in a sim-
ilar manner as described earlier in Section 2.5.

8.3.2 Simulation of the effect of dimension-six operators

The effect of dimension-six operators on the signal production processes, WW
production, as well as ggF and VBF Higgs boson production, is studied at the
lowest order of perturbation theory for which the process occurs in the SM similar
to the linear parametrization, which is discussed in the previous chapter. A U(3)°
flavor symmetry, which requires operators to be symmetric in the three fermion
generations, is assumed, and the myy, mz, Gg input parameter scheme is used.

In total, 24 CP-even operators affect the signal processes of the two measurements.
The operators and their corresponding Wilson coefficient are summarized in Ta-
ble 8.1. All the cross-sections considered here are CP-even observables and hence
do not have sensitivity to the interference of CP-odd operators with the Standard
Model.

Dedicated samples are generated using MADGRAPH5 aMC@NLO [178] to model
linear SMEFT effects caused by the interference of each dimension-six operator
with the SM. The effect of dimension-six operators that contribute to qq — e*vuFv
production is simulated at leading order QCD using the SMEFTsim [175] model
and MADGRAPH5 aMC@NLO version 2.8.1 [178], interfaced to PYTHIA 8.244 [179],
with the A14 tune [247] for parton showering and hadronization. Events with zero
or one jet are simulated in MADGRAPH5 aMC@NLO, and the overlap between ma-
trix element partons and parton shower emissions is removed using the CKKW-L
merging procedure [248, 249]. In the signal region of the WW analysis, the effect
of operators is parametrized differentially in analysis bins. For the qq — e*vuTv
background to the H — WW* analysis, the SMEFT variation is assumed to have
a flat impact in the analyzed observables with no shape impact and is a good
approximation at the particle level.

The vector boson fusion Higgs boson production is also simulated at leading or-
der, using MADGRAPH5 aMC@NLO version 2.6.2 and the SMEFTsim model. The
SMEFT effects in ggF H - WW* production are simulated with

MADGRAPH5 aMC@NLO version 2.7.3 and SMEFTatNLO [177], since the leading
contribution to the process is at loop level. The ggF process is generated sepa-
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Wilson coefficient and operator  Affected Processes

o 0 qq—eviy qq—Hqq gg—H T, T
cw eUngleJ/PWpKu v ¥
chw  HIHWL winy v v v
chwe  (HITTHW!, B*Y) v v v
CHB HIHB,»BHY v v
cupp  (HIDHH)*(HTDH) v v v v v
cho (HTH)O(HTH) v v v v
CHG HIHGR, GARY v v
CaH (HTH)(q,d,H) v
cun  (HTH)(@puH) v v
CeH (HTH)(iperH) v
CuG (Gp oY T ) (HGP,) v v
cuw (Gp oY) (TTAW,) v
CuB (ﬁp o*Vu, ) (HB ) v
ca  (HHDLH)(dy*a) v v

CHu (HHD?H)(*WM v v

) (HIDLH) gy q) v v

g (HHDHLH)(ﬁTIv“qJ v v v
I (DR (TyHy v

i (HRDL (Il y v v v v g
(S (Loyule) (LsyH1y) v v v v v
Cld (Ipyplr)(asYudt) v

ot (Tpyw W)@y an) v

ot GyetW@otta) v

Clu (Lpyule) (WsyHuy) v

Table 8.1: Dimension-six Warsaw basis operators affecting the signals of interest assuming
U(3)° flavor symmetry. The second column shows the operator entering in this
coupling. The right columns indicate which measurements are affected by the
operator.

rately with zero, one, and two additional partons in the final state, which are
then merged with the MLM algorithm [209, 210] which take care of remaining
overlaps in the phase space.

The events from the simulation of Higgs boson production are interfaced to

PyTHIA 8.230 for parton showering and hadronization. The dependence of the
total width of the Higgs boson on Wilson coefficients is computed by simulating
Higgs boson decays to all final states. All decays are simulated with SMEFTsim,
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barring two cases. The Higgs boson decay into gluons is simulated with SMEF-
TatNLO to resolve the QCD NLO contributions. For the Higgs boson decay to two
photons, an analytically derived parametrization including next-to-leading order
electroweak corrections [250] is used for the H — vy contribution to the total
Higgs boson width.

In the phase space of the WW analysis, the loop-induced gg — u*e¥vv process
is simulated with SMEFTatNLO for all operators that affect ggF production and
Higgs boson decays into e*vu¥v. While the addition of this process constitutes
only a small correction to WW production, the consistent treatment of on-shell
and off-shell Higgs boson production is important for the correct modeling of the
degeneracies of operators that are involved in ggF production. Operators that do
not affect Higgs boson production are not taken into account for gg — u*e¥vv,
as the process only constitutes a higher-order QCD correction to WW production.
Events are generated with MADGRAPH5 _aMC@NLO version 2.7.3, interfaced to
PyTHIA 8.230, with the A14 tune for parton showering and hadronization. In the
signal region of the H — WW* analysis, ggF Higgs boson production is simulated
separately from the gg — p*e¥vv background, and the interference of the two
processes is negligible. Since gg — u*e¥vv can be treated as a higher-order
correction to WW production and is responsible for only 10% of the total WW
background, SMEFT effects on the process are neglected in the signal region of
the H - WW* measurement.

The SMEFT parametrization of the differential cross-section for pp — e*vepuTv,
production in the phase space of the WW analysis and for the ggF and VBF sig-
nal strength times branching ratio into e*vu¥v is summarized in Figure 8.1. For
the WW analysis, the differential cross-section measured in the WW analysis is
reported for a fiducial phase space that is defined by requirements that are very
similar to the data selection, and SMEFT predictions are evaluated in this phase
space. A minor model-dependent extrapolation is needed for the calculation of
the measured fiducial cross-section and the result is assumed to remain valid
also in the presence of dimension-six operator effects. Similarly, the unfolding
of the plTe ad-lep- gistribution is also expected to be mostly model-independent as
it mostly corrects for detector effects that do not strongly depend on the precise
model used for the hard process. For the H — WW?* analysis, corrections to the
four-body decay parametrization due to analysis sections are estimated separately
for the ggF and VBF regions due to the different selections involved. The impact
of the selections is less than 10% on the SMEFT impact normalized to the Stan-
dard Model. The impact of dimension-six operators on the WW background in the
H — WW* signal region is evaluated after applying selection cuts that correspond
to the reconstruction-level event-selection.
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Figure 8.1: The linear impact of the SMEFT operators on the signal strength modifiers of
the H — WW* analysis, the normalization of the WW background in the ggF
signal region, and the differential cross-section measured in the WW analysis,
relative to the SM cross-section. In order to illustrate experimental sensitivity to
these effects in data, the expected total uncertainty on each modifier is shown
in the top panel. A = 1 TeV is assumed, and the values of Wilson coefficients are
chosen such that the impact of all operators is of similar size for better visibility.

8.4 Statistical model

This section describes the statistical model used to constrain the SMEFT param-
eters. The statistical model for the H — WW* analysis follows the Poissonian
likelihood described in Section 5. The statistical model for the unfolded WW mea-
surement and its combination with the H — WW* analysis is explained below.

8.4.1 Statistical model of the WW measurement

The probability density function used in the interpretation of the unfolded WW
measurement is based on a multivariate Gaussian distribution. Experimental and

theory uncertainties are modeled with nuisance parameters constrained by Gaus-
d

K\gHOdG
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8.4 Statistical model

sian distributions that represent auxiliary measurements as well as theoretical ex-
pectations.

The prediction of the analyzed plTead' P distribution depends on the set of Wilson
coefficients ¢, which is listed in Table 8.1, and is also subject to theory system-
atics, for example, factorization and normalization scale uncertainties, which are
parametrized by theory nuisance parameters. For a given theory, nuisance parame-

. ww -
ter configuration 6¥". = (01,...,0j,..., Gn:{\l/e\(,)vsyst), where ng' 0 syst 18 the num

ber of theory nuisance parameters affecting the signal predictions, the predicted
fiducial cross-section in a bin b, xpre , of the unfolded plTead' P distribution is
parametrized as

theo syst

nww
theo syst
pred _ _SM ) ) . .
( etheo syst) Xp 1+ Z ClAb,1 X H (] + e]ub,)) , (8.1)
i j
where uy, ; is the relative size of the uncertainty j in bin b. Here, it is assumed that

the nature and the relative effect of theory uncertainties are the same for linear
EFT effects as for the SM, as discussed in Section 9.3.2.

The measured cross-section depends on the model that is used to subtract back-
grounds, calculate detector efficiencies, and unfold distributions. Uncertainties of
this model can be parametrized with experimental nuisance parameters OEY)‘{I,VSVyst =
(01,...,065,... ’en}}/)\{p‘/‘s/yst), where neV,‘{pV;/yst is the number of experimental nuisance
parameters affecting the measurement. The nominal result of the WW measure-
ment corresponds to a model in which all nuisance parameters are set to their
nominal values. Alternative results that correspond to 1¢ variations of each of the
nuisance parameters are also available. This information is used to calculate an al-

ternative measurement result that is a function of the nuisance parameter values:

ww
Tlexp syst

meas (aexp syst) =Xp X H (1 + ijb,j) , (8.2)

where xy, is the nominal measurement result and vy, ; is the relative impact of the
systematic variation j on the measured cross-section in bin b.

The nominal measured differential cross-section, in “1\3/1\;\5/\/ = 14 bins, is given by

x. Statistical uncertainties of the unfolded data are correlated and encoded in
a covariance matrix C. The likelihood LYW (z|c, 8"V, which is modeled as a
multivariate Gaussian distribution and is a function of the Wilson coefficients ¢ as
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well as the union of experimental and theory nuisance parameters, 8"V is then
given by
L(zlc,0) = L ex (—1Aw7 (c,0)C Az (c 9))
’ 2o det(C) T\ 200 ’
TMsyst (83)

X H fi (61)

Here ng’}‘,gv is the total number of experimental and theory nuisance parameters,

f; correspond to the Gaussian constraints on nuisance parameters while the vector
Ax represents the difference between measurement and prediction and its compo-
nents Axy, are defined as

d
Axy (c, OWW) = xpea (0(\3/)‘(/1)\/;;5() — Xlare (c, Ot\f\lé\civsyst> . (8.4)

8.4.2 Combined statistical model

The likelihood function from the WW and H — WW* measurements are com-
bined to allow a coherent EFT analysis of both measurements. In total, 332 nui-
sance parameters affect the interpretation of both measurements, while 285 affect
only the H - WW* and 137 only the WW measurement.

The WW control regions of the H - WW* measurements overlap with the WW
analysis phase space, as explained in Section 8.2. For the combination, these are
removed, and the overall normalization of the WW background in the H —» WW*
signal regions is no longer determined from a combined fit of control and signal
regions. The WW background normalization is instead modeled analogously to
the signal parametrization in the WW measurement, which is a product of the
SM prediction, its uncertainties, and an EFT parametrization, as shown in Equa-
tion 8.1. Uncertainties affecting WW production are treated as fully correlated
between the WW and H — WW* measurements so that inclusion of the WW
measurement in the fit reduces the uncertainty on the WW background yield in
the H — WW* signal region.

8.5 Results

This section presents the results of the combination for the signal strength param-
eters and the SMEFT parameters.

X\% H Ont
t
t



8.5 Results

8.5.1 Signal strengths measurement

The signal strength of the measurements with respect to the SM in each region,
a simultaneous measurement of 16 signal strength parameters is performed. The
signal strength parameters correspond to the two signal strength parameters of
the Higgs boson production in the gluon-gluon fusion and vector boson fusion
from the H — WW* analysis and 14 signal strength parameters of the bins of the
unfolded plTead'lep' of the WW analysis. The results are shown in Figure 8.2 and

the corresponding correlation in Figure 8.3.

The central values of the measured H — WW* signal strengths differ by less than
2% from the standalone measurement. A 10% degradation of the precision of the
ggF signal strength measurement is introduced due to the replacement of the WW
control region with the WW measurement while the VBF measurement precision
is unaffected.

The WW signal strengths, in bins of plTead' 1eP- " are similar to the ratio of unfolded

data to the SM prediction that is presented in the original measurement. Differ-
ences in this ratio arise because nuisance parameters that parametrize uncertain-
ties on the measurement or the differential WW cross-section prediction are pulled
from their nominal value in the maximum likelihood fit.

8.5.2 Simultaneous Fit to SMEFT parameters

The signal strength measurements are expressed in terms of SMEFT in the linear
parametrization scenario described in Section 5.3.1 using Equation 5.16. In or-
der to identify sensitive directions in the SMEFT parameter space, a rotation in
the space of Wilson coefficients is performed, as outlined earlier in Section 6.5,
to determine a modified basis that consists of sensitive parameters given by lin-
ear combinations of the Warsaw basis vectors. Figure 8.4 lists eigenvectors c; and
eigenvalues of the Fisher information matrix. The eigenvalues provide a handle on
the expected limits that can be obtained: assuming Gaussian uncertainties, the ex-
pected uncertainty for a measurement of an eigenvector is inversely proportional
to the square root of the eigenvalue. The first eight directions are shown. They
correspond to an eigenvalue of A = 0.01, which corresponds to an expected uncer-
tainty of less than 10. These eigenvectors, which each probe linear combinations
of large numbers of Wilson coefficients, are not directly measured.

In order to improve the interpretability of the measurement, parameter groups that
contain Wilson coefficients with a similar physics impact are defined. ¢y is treated
as its own subgroup, as its physics effect is unique in that it only affects weak boson
self-couplings. Coefficients cyg, cug, and ¢y form a group as these operators
affect ggF Higgs production. The two coefficients C(Flilﬁ 3 and cﬂ) form a group as

3)
Olth
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Figure 8.2: Measured signal strengths from the combined fit of signal-strength modifiers

in bins of the WW analysis and for the two signal-strength modifiers of the
H — WW*analysis. Statistical uncertainties are shown in yellow, and system-
atic uncertainties in blue bars, and black lines indicate the total uncertainties.
The compatibility of the observed data with the SM hypothesis (psy) is 53%.
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modifiers of the H — WW?* analysis and the WW measurement.
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Figure 8.4: The eigenvectors, corresponding eigenvalues, and their components along the
Warsaw basis directions. Each line corresponds to an eigenvector, ranked by
order of decreasing eigenvalue.

both lead to a shift of the Fermi constant Gg and mainly change the normalization
of the observed processes. The coefficients cy,,, c{q), c{;), Cld> CHd> CHw» c,(l()q,

and CS 2] are grouped because their most important effect is the modification of

qq — e*vuTv production at high parton center-of-mass energies. They affect
both effective boson-fermion and four-fermion couplings. The next two groups
contain cyg, cHw, and cywg. These parameters affect Higgs boson decays into
etvuTv and VBF production. The effect of the parameters of the final group, c 4,
CHD, and cyo, is similar for both Higgs-boson production processes.

Eigenvectors of the new grouping that are measured are shown in Figure 8.4
with the impact of variations of the rotated fit parameters c; on the measured
signal strength is shown in Figure 8.6. Eigenvectors that correspond to weakly
constrained directions are fixed to zero. These weakly constrained directions are
identified by selecting directions that have an uncertainty larger than 10 when
considered with the fit directions. Profile-likelihood scans are used to confirm the
sensitivity estimate based on the eigenvector analysis.

(1]
H1(3) 11m
eigenvector changes the normalization of WW production and affects the VBF

and ggF production rates. The second linear combination of these two coeffi-

cients, Cud e mainly affects the rate of VBF Higgs boson production while
i) :

G HG,un modifies the ggF-production rate.

One of the sensitive directions aligns, by construction, with cy,. The ¢

; (1] . .
The main effect of Clutq®),1q () 1d,Hd,Huw Hq (1), Hq(®) 15 8 change in the rate of

WW and VBF Higgs boson production while the remaining operators of that group
modify the tail of the plTead' 1P gistribution. Only two degrees of freedom can be

(8)
Outbd
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. . 2
constrained by the two signal-strength measurements, and these are CL]I 3) 1)

’

and cﬂé,HGluH, following the methodology used for these results.

Constraints on eigenvectors and their correlation are shown in Figure 8.8. All the
measurements agree with the SM expectation at the level of one standard devia-
tion. Four parameters can be measured with a precision of better than 1.

The contribution of the H — WW* and WW measurements to the constraints
on the operators is shown in Figure 8.5. There are four directions that are purely
. (1]
constrained by the WW measurement. The ¢ 5 1, .,y OPerator that affect gluon-
gluon fusion Higgs boson production is purely constrained by the H — WW* mea-
. . [3] [1,2]

surement. There are three directions (Clu,lq(3>,1q(‘ L1dHd, HwHq(),Ha B SHIG) )
which are constrained by both measurements.

(4]

c WmH - WW*
Tu,lqg(®) ,1¢(V) 1d, Hd,Hu,Hq(1) | Hq(3)
(3]

mww

Clu,lq(3) gV 1d,Hd,Hu,Hq(1)  Hq(3)
(2]

clu,lq(3) A1qgD) 1d,Hd,Hu,Hq(Y)  Hq(3)
1

Clu,lq(3> ,lq(l) ,ld,Hd,Hu,Hq(1> ,Hq(3>
(2]

CHi® 1
i

HIG),u®)

cw

e
HG,uH,uG

| | | |
0 02 04 06 08 1

expected fractional contribution of measurement

Figure 8.5: The expected fractional contribution of the different the H - WW* and WW
measurements to the SMEFT parameter sensitivity.

A combination with additional measurements of Higgs-boson production and de-
cay is required to improve constraints and reduce the number of flat directions in
the subspace of operators that affect the Higgs sector. The combination with ad-
ditional measurements of single and multiboson production can help to improve
the constraints on the remaining operators and to reduce degeneracies among the
parameters that affect boson-fermion and four-fermion couplings.
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the H — WW*analysis, the normalization of the WW background in the ggF
signal region, and the differential cross-section measured in the WW analysis,
relative to the SM cross-section. Operators of the groups that are not included
in the fit are shown in gray. In order to illustrate experimental sensitivity to
constrain the operators from the data, the total expected uncertainty on the
corresponding regions ostar+syst is shown in the top panel.
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Global SMEFT Fit of Higgs and
Electroweak measurements from
ATLAS data and Electroweak

precision observables from LEP and
SLC

9.1 Introduction

This chapter describes a global Standard Model Effective Field Theory (SMEFT)
interpretation, including measurements from Higgs, electroweak processes, and
electroweak precision observables (EWPOs). Combining different processes allows
probing consistent deviations in the relevant SMEFT parameters across multiple
measurements. SMEFT serves as a universal language that allows looking for devi-
ations in measurements from different experiments and energy scales.

In this chapter, the SMEFT interpretation is performed based on a combination of
Higgs measurements within the Simplified Template Cross-Section (STXS) frame-
work, unfolded distributions from the electroweak sector, and EWPOs measured
at the Z-pole using LEP and SLC [251]. The measurements with the ATLAS data
probe the SMEFT in the high-energy frontier and the LEP observables serve as the
precision constraints. The measurements are collectively sensitive to SMEFT oper-
ators that affect Higgs boson couplings, weak boson self-couplings, couplings of
weak bosons to fermions, and four-fermion couplings.

9.2 Data and input measurements

The ATLAS Higgs boson measurements that are input to the combination are de-
scribed in Chapter 7 but do not include the rare Higgs boson decay channels. In
the following section, the electroweak data from ATLAS and EWPO from LEP and

0
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Figure 9.1: The main contributing diagrams for the electroweak production processes. The
further decay of unstable particles is not depicted in the diagrams. The Feynman
diagrams are adapted from [231, 252-254].

SLD is presented to provide a complete overview of all the input measurements to
the combination.

9.2.1 ATLAS measurements for the electroweak processes

Measurements of one-dimensional differential cross-sections of weak boson pro-
duction and decay are used to constrain the electroweak sector. The measurements
are summarized in Table 9.1. The main contributing Feynman diagrams for the
electroweak processes are shown in Figure 9.1.

These electroweak measurements include measurement of WW production in the
eivﬁv final state [231], WZ production in the ¢Eve 0 final state [255] (where
{ = e, w), four lepton production [253] (4, with 4 = [uTu~urp=, utu-ete™,

eTe"ete™], which targets not only ZZ production but also the production of
lepton-pairs via virtual photons), and Z boson production in VBF topologies with
subsequent Z decays into electron or muon pairs [254]. The corresponding un-
folded fiducial cross-section measurements are directly compared to particle-level

Omt



9.2 Data and input measurements

Process Important phase space requirements Observable £ [fb~'] Ref.

pp — eFveuTvy  mg > 55GeV, pift < 35GeV pITead' lep. 36 [231]
pp — {Evete— mee € (81,101) GeV mWz 36 [255]
pp = LT LT mye > 180GeV mzy 139 [253]
pp — {7 mj; > 1000 GeV, mee € (81,101) GeV  Adj; 139 [254]

Table 9.1: The LHC electroweak processes entering the combined interpretation, together
with the most important phase space requirements in each measurement, the
observables used in the reinterpretation, and the integrated luminosity analyzed
in the measurement. The signed angle Adj; is defined as ¢ — ¢y, where the
two highest transverse-momentum jets f and b are ordered such that y¢ > yy,.

differential cross-section predictions. The particle-level cross-section prediction in
each bin is parametrized as a function of Wilson coefficients.

For each of the four electroweak processes, a differential cross-section measure-
ment as a function of one of the measured observables is chosen as an input. The
leading lepton pr (plTead' 1Py and the transverse mass distribution (m¥V%) are used
for the WW and WZ measurements, respectively. The transverse mass is defined

as

3 2 3 2 3 2
mWZ = (Z pl+ ErTniss> _ (Z pl+ E?iss> + (Z pg + Egmiss)
=1 e=1 e=1
(9.1)

In the pp — 41 analysis, the invariant mass of the secondary Z boson candidate,
(mz,), is used. It is the candidate lepton pair with a less compatible mass with the
Z boson mass. This observable allows distinguishing between processes involving
two or only one on-shell Z boson.

In the analysis of Z boson production in association with two jets, the signed
azimuthal angle between the two jets (Adj;) is used. The Adj; variable is defined
as Adj; = ¢¢ — ¢y, where the two highest transverse-momentum jets f and b are
ordered such that y¢ > yp.

The unfolded data and the comparison to the Standard Model prediction are
shown in Figure 9.2.

9.2.2 Electroweak precision observables

Electroweak precision observables (EWPOs) are measurements performed at LEP
and SLC at the Z boson peak. The accelerators were designed to operate as Z fac-
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Figure 9.2: Measured differential cross-sections of the electroweak production process, shown in black, compared to the Standard Model in
red. From top left to bottom right: the leading lepton transverse momentum in WW production, the WZ transverse mass in WZ
production, the invariant mass of the sub-leading lepton pair (pair with invariant mass less compatible with the Z boson mass)
in three regions of my, targeting: Z—4l, off-shell ZZ production, on-shell ZZ pair production, and the signed azimuthal angle
between the two jets in Z+jets production. The figures are taken from [256].
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Z/v*

e et e 7

Figure 9.3: The lowest-order Feynman diagrams relevant for LEP-I. The t-channel diagram
shown on the left is possible for the e™e™ final states through the Bhabha scat-
tering process [257] for eTe™ — eTe™. The s-channel diagram of fermion-anti-
fermion pairs is shown on the right.

tories by colliding electron and positron beams at center-of-mass energies around
the mass of 91 GeV.

The process investigated is the production of fermion anti-fermion pair through
the collision of electron and positron (eT™e~ — ff), which at the lowest-order pro-
ceed through a photon exchange or a Z boson exchange as depicted in Figure 9.3.
The Z boson couples to fermions with a mixture of vector and axial couplings. The
consequences of this mixture are measurable asymmetries in the angular distribu-
tions of the final-state fermions, the dependence of Z production on the helicities
of the initial-state electron-positron pair, and the production of polarized decay
products of Z bosons.

Asymmetries will manifest themselves through different production rates in the
forward and backward hemispheres, defined relative to the orientation of the elec-
tron beam, and are quantifiable as

1 1
e = H (9.2)
F B
where the index i labels the final-state fermion type, and N and NiB are the
number of events in the forward and backward hemispheres, respectively. Here,
forward events correspond to the case where the fermion (anti-fermion) is in the
direction of the electron beam (positron beam).

Large Electron-Positron Collider

The LEP collider operated from 1989 to 1995 in the LEP-I phase, with electron-
positron center-of-mass collision energies around the Z boson resonance mass.
During LEP-I, the LEP accelerator operated at seven center-of-mass energy points
that are within +3 GeV of the Z pole. The four experiments ALEPH [258, 259],
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DELPHI [260, 261], L3 [262-265], and OPAL [266-269] collected a dataset con-
taining approximately 17 million Z bosons.

Stanford Linear Collider

The SLC started operation in 1989, and from 1992 the SLD experiment [270-275]
accumulated a dataset containing approximately 600000 Z bosons. Despite the
smaller dataset than the LEP experiments, the longitudinal beam polarization at
the SLC allowed for complementary and competitive measurements of the Z cou-
pling. Furthermore, the small luminous volume of the interaction point allowed
for the reconstruction of heavy flavor hadrons, which improved the selection of
events containing b- and c-quarks [251] compared to LEP.

9.2.2.1 Observables chosen for SMEFT interpretation

An experimentally-motivated set of pole parameters is chosen as the measure-
ments from LEP-I to be included in the combination. This reduced set includes
cross-sections, partial widths, and total width and corresponds to a highly corre-
lated parameter set. The individual observables are

* the mass of the Z boson - mz
* the total width of the Z boson - I’y

* the hadronic cross-section from Z production, Gﬁad, defined as

121t Tl

0 eelhad

O—h d - 72 72 Vi (9.3)
* lZ I—‘Z

where Tee and I},,4 are the partial widths for the decays of the Z boson into
electrons and hadrons, respectively.

* the forward-backward asymmetries for leptons, b- and c-quarks (Ag]’f, Agl’gb,
Ag]’;) as defined in Equation 9.2.

* the ratio of partial decay widths to leptons, b- and c-quarks defined as
I
RO — —had 9.4)
T
where T} is the partial width for the Z boson decay into a pair of charged
leptons of a given type ii.

The LEP asymmetries are extracted from a fit to differential cross-section distribu-
tions for increased statistical precision. The asymmetry Agg is measured in lep-
tonic final states and is corrected for radiative effects, y exchange, and y — Z inter-
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9.2 Data and input measurements

ference to yield the pole observables. Note that the pole observables are not just
the underlying observables but are quantities that involve additional theoretical
corrections and are known as pseudo-observables and are denoted with the label ©.

The heavy-flavor observables R®, Rg, Agéb, and Ag]’; are determined from a fit
involving 14 free parameters to data collected by the four LEP experiments and
SLD and are described in [251]. The ratios R% and RS are defined as

r
0 _ 4949
R =it (9.5)

where q = b, c, while Agl’%b and Agl'; are defined analogous to A(F)l’f.

Table 9.4 summarizes the measurement results for the eight Z-pole observables
included in the combined SMEFT interpretation, together with theoretical SM
predictions obtained using the {m, mz, Gg} input parameter scheme (see Sec-
tion 9.3.3). The precision observables agree very well with the SM expectation,
except for A(F)]'gb and Ag]';, for which deviations of more than three and more than
one standard deviation are found, respectively.

Measurement SM Prediction |Omeas. — Osml/ v/ (0eas. + 02y)
0p,q [Pb] 41489 £5 41488 £ 6
A 0.1062£00016 0099200016 |
Ad 0.0758 £ 0.0012 0.0707 + 0.0035
A% 0.01718 £ 0.00037 0.0171 £ 0.001
R 021586000003 0216294000066 [N
R? 0.17223 +0.00003 0.1721+0.003
R? 20.758 £ 0.008 20.767 +0.025
ToMeV] 249571 u952£23 . | |

0 0.5 1 1.5 2 25 3

Figure 9.4: Electroweak precision observables included in the analysis. The second column
corresponds to the experimental value, the third to the theoretical prediction in
the {mw/, mz, G¢} input parameter scheme, and the fourth is the ratio of the
two values.

The combined interpretation of these observables helps to disentangle the impact
of SMEFT operators that affect up-type and down-type quarks, the first two quark
generations from the third, and couplings to left-handed from couplings to right-
handed fermions.

Due to the high measurement precision of lepton collider experiments, the con-
straints obtained are typically more precise than those of LHC measurements. How-
ever, only a limited number of directions in parameter space can be measured.
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The inclusion of these observables in the global fit simplifies the interpretation of
LHC measurements, which are sensitive to a more significant number of operators:
the tight EWPO constraints provided on operators affecting weak-boson-fermion
couplings allow their impact to be disentangled from the impact of operators affect-
ing only Higgs boson or weak boson self-couplings, which cannot be constrained
with Z-pole data.

9.2.3 Overlaps between input datasets

Overlaps in the experimentally reconstructed regions between Higgs boson mea-
surements are studied in [276] and are found to be negligible. Overlaps are also
negligible between the four electroweak measurements due to different require-
ments on the number and flavor of charged leptons in the final state of each mea-
surement.

However, there is some overlap in analyzed events between the datasets for the
Higgs boson and electroweak measurements. The inclusive 4¢ [253] and H —
4 [196] analyses both consider the same four-lepton topologies. The inclusive 4{
analysis is performed in various phase-space regions for the four-lepton invariant
mass of my4y > 20 GeV, while the signal region of the H — 44, together with the
corresponding sideband region used to constrain the continuum 4{ background,
comprise events with 105 GeV < my4y < 160 GeV.

An optimal analysis of the Higgs boson mass regions is more important than the
relatively weak constraints in SMEFT provided by the low-mass region of the inclu-
sive 4{ measurement. Thus, this combined analysis includes the complete H — 4{
measurement but excludes analysis regions of the inclusive 4{ analysis that targets
mye < 180 GeV.

The overlap of the WW [231] measurement and H — WW* [277] analysis in
handled as described earlier in Section 8.2.

9.3 Theoretical predictions

The quarks from the first two generations and leptons from all three generations
are assumed to be massless, and the four-flavor scheme is used for parton dis-
tribution functions. Additionally, the topU31 flavor symmetry introduced in Sec-
tion 2.3.3 is assumed, which imposes a flavor symmetry on the first two quark
generations and all three lepton generations.

Only CP-even operators are considered, and Wilson coefficients are assumed to be
real-valued. This choice only results in a small loss of information as only the Adj;
observable studied in the VBF Z measurement [254] is sensitive to CP-odd effects.



9.3 Theoretical predictions

The list of operators and the corresponding Wilson coefficient affecting the pro-
cesses studied in this note are given in Tables 9.2 and 9.3. The operators are
grouped in purely bosonic operators, various operator groups containing both
fermion fields and differing numbers of Higgs boson and gauge boson fields, four-
lepton operators, four-fermion operators containing both quark and lepton fields,
four-fermion operators with only light quarks, and four-fermion operators with
both light and heavy quarks.

9.3.1 Simulation of Standard Model processes

This section discusses the simulation of the Standard Model process for the elec-
troweak measurements. The simulation of the Higgs boson processes is described
in Section 2.5.

Electroweak processes

The qq — etvuTv, qq — ¢*v0T¢~, and qq — ¢*¢ ¢~ production modes in
the SM are modeled using the SHERPA2.2.2 [232] generator at the next-to-leading
order (NLO) accuracy in the strong coupling for up to one additional parton, and
LO accuracy for up to three additional parton emissions. The NNPDF3.0NNLO set
of parton distribution functions (PDF) is used [122], along with a set of tuned
Parton-shower parameters developed by the SHERPA authors. The calculations are
matched and merged with the SHERPA parton shower based on Catani-Seymour
dipole factorisation [240, 241], using the MEPS@NLO prescription [242-245].
The OpPENLOOPS provided virtual QCD corrections library [236, 239].

NLO electroweak corrections for the above processes [278-281] are applied as a
function of my for qq — ¢ ¢"{~ and as a function of the measured observable
for qq — e*vuTvand qq — (Fvete.

The gluon-initiated 4¢, and e*vuFv production processes are simulated using
SHERPA2.2.2 at LO precision for up to one additional parton emission, with the
parton-shower modeling being the same as for the quark-initiated samples. NLO
QCD calculations [246, 282, 283] are used to correct the gg — {7 {T{~ cross-
section differentially and the gg — e*vuFv cross-section with a constant factor.
For gg — ¢T¢~¢T{~, an additional correction factor of 1.2 is taken from the ratio
of an NNLO QCD calculation [284, 285] with the NLO prediction.

Electroweak Zjj production is modeled with HERWIG7.1.5 [286, 287] and

VBFNLO3.0.0 [288] at NLO QCD. The MMHT2014LO PDF set [289] is used
along with the default set of tuned parameters for parton showering, hadroniza-
tion, and underlying event production. EvtGen is used for the simulation of bot-
tom and charm hadron decays. Strong Zjj production is modeled using the MAD-

(8)
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Wilson coefficient and operator Affected process group
LEP/SLD EWPO ATLAS Higgs ATLAS EW

CHO (HTH)O(HTH) v

cG fabegavGlPGEH v v

cw eTRwivwlPwH v v

CHD (HIDLH)" (HIDLH) v v

CHG HTH G, GARY v

CHB HIH B, BHY v

CHW HIHW], wiky v

CHwg  HitTHW] B®Y v v v

CeH (HTH) (Tp e, H) v

CuH (HIH) (gY{ur) v

CtH (HTH)(QHY) v

CbH (HTH)(QHb) v

iy D mmy v v v

i3z (HEDLH)deyry v v v

CHe (1D H)(eyte) v v v

cg; (H1iD M) (gyhq) v v v

cg; (DL H) (gelyra) v v v

CHu (1D ) (ayHw) v v v

cHa  (HID H)(@yra) v v v

cﬂgg (HHD 1) (Qy*Q) v v

cg()g (HHDLH)(Qrly Q) v v

CHb (H1iD 1) (Byrb) v

Cht (HILD L H) (FyHe) v v

cig (Qe"YTAYHGR, v

Ctw (Qo*vt) Tt HW], v

CiB (Qe"Vt)H By v

' mammy v v

Table 9.2: Relevant dimension-6 operators grouped in purely bosonic operators, various
operator groups containing both fermion fields and differing numbers of Higgs
boson and gauge boson fields, and four-lepton operators.



9.3 Theoretical predictions

Wilson coefficient and operator

Affected process group

LEP/SLD EWPO ATLAS Higgs ATLAS EW

cled  (nblart v
S ) v
Ceu (eype)(myHu) v
Ced (eyue)(dyHd) v
Clu Tyl (my*uw) v
Cld (ly V) (dy*d) v
Cqe (qyuq)(evte) v
c%:q; (avea)(@v™a) v
cqq. (@Toyua)(@reyta) v
c%zq; (a0*v,a) @0ty q) v
C?{% (o' T%uq)(qo T4 q) v
Cuu (@ypu) (@yHu) v
CuSU)_ (ATypu)(aT%yHu) v

;f% (dyud)(@ya) v
cl® (aT%y,d)(@ToyHd) v
Cfl]dj (Typu)(dyHd) v
o) (@T9y,w) (ATyd) v
ngj (Gyuq) @yt v
c&fd (aT9y,q) (@ToyHu) v
C%sd; (qvua)(dyHd) v
Coa  @ATvua)(@roya) v
C%Q) (QvuQ)(gy*q) v
céﬁ) (QT%v.Q)(aT*y*q) v
cE%'q” (Qo'yuQ(@ctva) v
c(c%;f) (Qo'T*y,Q) a0 Toy¥a) v
C(u) (Bypt) (wyHu) v

) @yt v
. L)L (QTYuQ)(uTyHu) v
chy  (QruQl@a) v

S) @rev.Qareyta) v
cly  (@vea)iyty v
ey @reyuaEreyy v

Table 9.3: Relevant dimension-6 four-fermion operators.
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214 Chapter 9. Global SMEFT Fit

GRAPH5 AMC@NLO [290] event generator and the NNPDF2.3NLO PDF set [291].
The prediction is accurate to NLO in the strong coupling for up to two partons
in the final state. Events are interfaced to PYTHIA8.186 for parton showering,
hadronization, and underlying-event activity, using the A14 set of tuned param-
eters [247]. Overlaps between the matrix element and the parton shower are re-
moved using the FxFx prescription [292]. The sample is normalized to a NNLO
prediction for inclusive Z-boson production [293].

Additional processes introduce minor contributions to the fiducial phase space of
the 4¢ measurement. These are modeled as described in [253].

9.3.2 Simulation of dimension-six operators effects for LHC pro-
cesses

Dedicated samples representing SM, linear, and quadratic effects of dimension-
six operators, as well as dimension-six cross terms, are generated at leading or-
der using MADGRAPH5 AMC@NLO 2.8.1 [178] (electroweak processes) or MAD-
GRAPH5 AMC@NLO 2.9.3 (Higgs boson production and decay) and the SMEFT-
sim 3.0 model [175, 176]. Events are interfaced to PYTHIA 8.244 [179] (elec-
troweak processes) or PYTHIA 8.305 (Higgs boson production and decay) to simu-
late parton shower and hadronization. The decays of bottom and charm hadrons
are performed by EVTGEN [294].

For the loop-induced processes gg — H, gg — ZH, and H — gg calculations are
performed with SMEFTatNLO [177], which allows for the calculation of NLO QCD
corrections, which is not possible with SMEFTSim. An analytic calculation [208]
at NLO accuracy in QED is used to parametrize the H — yy decay. In both cases,
the parametrization is translated to the symmetry assumption introduced in Sec-
tion 2.3.3.

The effects of dimension-six operators can change the mass and width of interme-
diate particles, which constitutes an essential correction in cases where intermedi-
ate particles are on-shell. These effects are accounted for in the linearized SMEFT
expansion where propagator corrections are calculated with SMEFTsim 3.0 using
dummy fields, following the methodology described in [176, 295]. Quadratic cor-
rections are expected to be small and are neglected.

Higher-order QCD and electroweak corrections are included, assuming that their
relative effect does not change in the presence of dimension-six operators. The
differential cross-section predictions in the SMEFT, obtained with

MADGRAPH5 AMC@NLO+PYTHIA at leading order (LO) or next-to-leading or-
der (NLO), are scaled in each differential bin by the ratio of the best-known SM
particle-level prediction to the LO or NLO SM prediction, respectively.

c
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9.4 Statistical modelling

It is also assumed that the relative effect of theory uncertainties derived for the
SM processes remains valid in the presence of dimension-six operators. Details on
the precision employed for the SM predictions are given in Section 9.3.1.

The effect of dimension-six operators on background processes is not considered,
with two exceptions. For the interpretation of the VBF Z measurement, their effects
are simulated for both the targeted electroweak Zjj boson production and for Z
boson production with jets produced by the strong interaction, as both processes
contribute equally to the signal region. The other exception is the WW production
background in the 0-jet H — WW?* signal region. Here, consistent treatment of
the process between the H — WW?* control region and the WW signal region is
essential, as the normalization in both phase spaces is correlated.

Other background processes are either small compared to the signal processes or
normalized to the data in kinematically similar control regions.

The linear effect of operators on the observables, including propagator corrections
and acceptance corrections are summarized in Figures 9.5 to 9.9.

9.3.3 Predictions for electroweak precision observables

Both SM predictions and SMEFT parametrization of EWPO are derived in [296].
Up-to-date SM predictions are obtained using formulas from [297-300]. A fully
flavor-symmetric SMEFT parametrization up to O(vZ/A?) is derived in the
geoSMEFT [301, 302] formalism. For this work, the parametrization is translated
from the U(3)° to the topU31 symmetry.

9.4 Statistical modelling

The same likelihood function described in Chapter 7 is used for the Higgs boson
measurements. The WW statistical model described in Chapter 8 is expanded to
define the combined electroweak likelihood.

The multivariate Gaussian model in Chapter 8 for the WW likelihood function is
also used to interpret the EWPO. The model contains only the Wilson coefficients
as parameters and does not contain any nuisance parameters. Both theoretical and
experimental uncertainties are included in the covariance matrix of the measure-
ment. The correlation matrix for the electroweak precision observables is taken
from [251] and shown in Table 9.10.
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Figure 9.5: Relative impact of linear SMEFT terms with Wilson coefficients cyg, cw, ctG> CoH»> CtH, and cep on differential cross-sections
of electroweak processes, the electroweak precision observables, and on the Higgs STXS cross-sections and branching ratios. The
corresponding selected values of Wilson coefficients are shown on the right-hand side of the lower panel. The total relative uncer-
tainty, including statistical, systematic, and theoretical components, on the measurement in the corresponding regions is shown
for comparison in the top panel as a shaded area. It shows the sensitivity of each measurement to constrain the coefficients. For
presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped. -
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Figure 9.7: Relative impact of linear SMEFT terms with Wilson coefficients cyg, cHwB, CHW> CHD,» Ctw, and c¢g on differential cross-sections
of electroweak processes, the electroweak precision observables, and on the Higgs STXS cross-sections and branching ratios. The
corresponding selected values of Wilson coefficients are shown on the right-hand side of the lower panel. To quantify the sensitivity
of each measurement to constrain the coefficients, the total relative uncertainty, including statistical, systematic, and theoretical
components, on the measurement in the corresponding regions is shown for comparison in the top panel as a shaded area. For
presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 9.9: Relative impact of linear SMEFT terms with Wilson coefficients nﬁﬁ nmﬁ nm_%:v nmw%:v nmw_ ﬁ nm_ﬁw_ ﬂ omwt nﬁomwt nmm__ ﬁ nmm_&v

1 4. . . .. .
and nm r ) differential cross-sections of electroweak processes, the electroweak precision observables, and on the Higgs STXS cross-

sections and branching ratios. The corresponding selected values of Wilson coefficients are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coefficients, the total relative uncertainty, including s
statistical, systematic, and theoretical components, on the measurement in the corresponding regions, is shown for comparison in

the top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped. =
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Figure 9.10: Correlation matrix for electroweak precision observables.

9.4.1 Combination of likelihoods

The likelihood for the combination of measurements is the product of measure-
ment likelihoods with the modification that nuisance parameters that describe
the same effect in different measurements are described by a common parameter.
Only one constraint for each independent nuisance parameter is included in the
product. The combined model is implemented in a RooFit workspace [192, 303].

Nuisance parameters that are correlated between Higgs boson and electroweak
measurements are listed in Table 9.4. Following the methodology in [206], the
luminosity uncertainty is split into three components: one that is correlated across
all measurements, one that corresponds to an uncertainty on the integrated lumi-
nosity collected in 2015/2016, and one that corresponds to the uncertainty of the
2017/2018 luminosity.

The uncertainty of the pile-up modeling and the pile-up jet suppression efficiency
is evaluated with a consistent methodology for all measurements and treated as
correlated.

Only some components of the jet energy scale uncertainty can be correlated be-
tween the Higgs boson and electroweak measurements, as different versions of
the jet energy calibration are used.

WW modeling uncertainties are treated as correlated between the WW and H —
WW* measurements, which allows for the constraint of the modeling uncertainty
of the WW background to H — WW* in combination with the WW measurement.

From the primary uncertainty sources affecting the electroweak measurements,
only lepton and b-tagging uncertainties are not equated between electroweak and
Higgs boson measurements, as different calibrations and schemes to report the
uncertainties are used.

(3,8)
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Source of correlated uncertainty Parameters

Luminosity (common part 2015-2018)
Luminosity 2015/2016

Luminosity 2017/2018

Pile-up modelling

Pile-up jet suppression

Jet energy scale (pile-up modeling)

€ S S Sy

Jet energy scale n-inter-calibration
Jet energy resolution 12

WW modelling (WW and H — WW*) 2

Table 9.4: Sources of experimental uncertainties that are modeled as correlated between
Higgs and electroweak measurements together with the corresponding number
of nuisance parameters.

9.5 Results

This section presents fits of ATLAS data and later a combined fit of both the ATLAS
data and electroweak precision data from LEP and SLC. The results are obtained
using the statistical procedure described in Chapter 5. Finally, a simplified multi-
variate Gaussian model is introduced that allows for the reproduction of approxi-
mate results efficiently inside and outside of the ATLAS collaboration.

The fit to the ATLAS data is performed in both the linear and linear + quadratic
scenario. The linear parametrization is carried out with the case where the total
width is fully Taylor expanded as expressed in Equation 5.16. For the quadratic
case, a fully Taylor expanded version of Equation 5.18 is considered.

9.5.1 Combined interpretation of ATLAS data

This section presents a combined SMEFT interpretation of ATLAS Higgs boson and
electroweak measurements. The leading 24 eigenvectors of the principal compo-
nent analysis are visualized in Figure 9.11. The eigenvectors are ordered by eigen-
values so that C}[;V} represents the direction that can be measured with the highest
sensitivity'. All eigenvectors with the corresponding expected uncertainty of o < 5
are retained. Some Warsaw basis vectors are closely aligned with an eigenvector,

A notation that makes no distinction between the eigenvector and the corresponding coefficient is
used.

(8)
W o

s
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for example, C,(j) ; with cg,], indicating that an individual measurement in the di-

rection of the Warsaw basis vector is largely uncorrelated to the measurements

of other parameters of interest. However, most eigenvectors receive significant
o . (1] 2 .

contributions from many Warsaw basis vectors, for example, cg,, and cg,,, which

predominantly affect g9 — H and H — vy and c[EAt,], which mainly consists of
four-fermion operators that impact the tails of diboson production.

In order to obtain a fit basis that is easy to interpret but still numerically stable, the
eigenvector analysis is performed using orthogonal subsets of Wilson coefficients.
The groups are constructed such that the impact of each group is distinct from the
impact of the other groups. At the same time, strong similarities in the impact on
observables exist within a given group.

The parameters C](_? ; , CbH, Cw, and ce can be constrained individually. The three

parameters affecting gg — H (cng, ctg, and cy) can also be constrained indi-
vidually, albeit with a reasonably strong correlation, as loop-induced ZH and ttH
production offer additional constraining power. Furthermore, eight groups con-
taining multiple operators are constructed.

The groups related to the parameters affecting the Higgs processes are defined
with the same motivation described in Chapter 6.5. These includes the following
groups of parameters {cHe, C(le) + {cm, cut b {CHw, CHA4s cga }, and {cyg,
CHW> CHWB> CHD> Ctw, CtB }. The other parameters defined here are grouped

according to the following considerations:

* CuH, CdH, and cqg each have a substantial effect on the overall rate of Higgs
boson processes, where cg affects a scaling of the Higgs field and ¢,y and
can affect the total width of the Higgs boson due to decays to light up- and
down-type quarks, respectively.

1 3 . .
. c{q), c{q), Ceu, Ceds Clus Cld, and cqe, four-fermion operators with two quark

and two lepton fields, which have a similar impact in the diboson observables
as seen in Figure 9.9.

1,1 1,8 3,1 3,8 1 8 1 8 1 8 1 8 1
e el el el el e o L, el el e . am

0518;’ four-fermion operators with four light quarks, which are all only relevant
for the VBF Z measurement and

. (1Lh (L&) (31 (38) (1) (1) (&) (1) (8 (1) .4 (8)
€G> €Qq > “Qq > “Qq > €Qq > “tu> CQu CQu> Qa’ fQa Ctq > ANC Ciq > OP
erators mainly affecting ttH production, i.e., cg and the four-quark operators

coupling to the top quark.

The resulting eigenvectors are visualized in Figure 9.12. Only eigenvectors with an
expected uncertainty of ¢ < 5 are retained. The remaining eigenvectors are fixed
to zero in the maximum likelihood fit. The removal of these weakly constrained di-
rections allows for the measurement of the remaining coefficients simultaneously.
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Figure 9.11: Graphical representation of the eigenvectors of the Hesse matrix of the ATLAS-only analysis. Each row corresponds to an eigen-
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vector, and the matrix visualizes the contribution of each Warsaw basis vector to the eigenvector. The components of eigenvectors
are rounded to the second decimal place, and their size is also indicated by color code. Empty columns correspond to Wilson
coefficients that have little impact on the analyzed measurements and thus contribute to no eigenvector. Eigenvalues are denoted
on the left of the plot.
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Eigenvector constraints are obtained from profile-likelihood fits, as described in
Section 9.4.1. Results based on both the linear and the linear+quadratic mod-
els are presented in Figure 9.13. The contribution of Higgs or electroweak (EW)
measurements from ATLAS to an eigenvector constraint is estimated using the
procedure described in Chapter 6, which is shown on the right-hand side. The
correlation of fitted coefficients is shown for the linear model in Figure 9.14.

The most stringent constraints are obtained for C[C]l-]{B,CerCHWB,CHD,C ow,cip» Which
modifies the rate of H — yy decays and ¢} g, which modifies the gg — H produc-
tion rate. These processes are loop-suppressed in the SM but can proceed at the
tree level in the SMEFT. Stringent constraints are also obtained for ¢y, which
impacts the H — bb decay rate. At the same time, the triple-gauge-coupling op-
erator cy, and the leading four-fermion operator eigenvectors are constrained by
electroweak measurements (cyy also contributes to H — yy, but this contribution
cannot be disentangled from other contributions using Higgs boson measurements
only). The tight constraint on c](j 21 is the result of both diboson and VH measure-
ments, where the latter contribute more strongly, also owing to the larger dataset
analyzed compared to the WW and WZ measurements. Constraints in the linear
model agree, for all fit directions, with the SM-expectation, at the 95% confidence
level.

Results in the quadratic model differ qualitatively from those in the linear model.
Constraints on C[C]liBrCHWrCHWB/CHDrCtW/CtB and c[zu ,1 are weaker as the introduc-
tion of quadratic terms leads to non-linear correlations between parameters. On
the other hand, the c¢yg constraint becomes more stringent as the operators con-
tributing to gg — H are no longer degenerate. The constraints on cEq and cy, are
also stronger due to sizeable quadratic contributions to the VBF Z measurement
and WW as well as WZ measurements, respectively. For c,(f 3], the best-fit value is
shifted to lower values. For WH, WW, and WZ production — the processes most
strongly affected by CS 3]— this corresponds to a reduction of the cross-section at
lower $§ and to an increase at higher §, which is compatible with the measured

deviations from the SM prediction.

For the weakly constrained fit directions in the two lower blocks of Figure 9.13,
quadratic contributions are often large due to their quadratic dependence on the
Wilson coefficients, and the validity of the obtained constraints in the SMEFT
framework is questionable. As in the linear model, all parameters agree with the
SM expectation at the 95% confidence level.
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Figure 9.14: correlation of the measurement of the parameters included in the combined
maximum likelihood fit of the combined ATLAS-only analysis for the linear
model.
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9.5.2 Combined interpretation of ATLAS and electroweak preci-
sion data

Including the eight electroweak precision observables (EWPOs) input measure-
ments increases the number of eigenvectors with eigenvalues corresponding to an
uncertainty of o < 5 from 24 to 28. The eigenvectors are visualized in Figure 9.15.
Some Warsaw basis vectors are still closely aligned with a single eigenvector, for
example, cyy, which is closely aligned with 01[51\,3], indicating that an individual
measurement is possible. However, the constraints on the Wilson coefficients that
affect EWPO are strongly correlated. While, for example, stronger constraints can
be obtained on CS ;, due to this strong correlation, it can no longer be fitted indi-
vidually. Instead, a principal component analysis is performed in one large group
containing all coefficients affecting EWPO and H — yvy. Three other groups iden-
tical to those defined in Section 9.5.1 are used and correspond to the two groups
of four-fermion operators and the ttH operator group. The resulting subgroup
eigenvectors are visualized in Figure 9.16.

Constraints obtained from profile-likelihood fits are presented in Figure 9.17, along
with the relative contribution of the three measurement groups. Due to the un-
availability of a quadratic parametrization of LEP data, no constraints can be
derived in the linear+quadratic model. The five most tightly constrained eigen-
vectors, (CH]VV’\/ ) Cl[fll]\/V,V ¢ and cyg) are constrained mainly from a single
type of observable Gﬁad, H — vy, 'z, the forward-backward asymmetries, and

gg — H, respectively. Stringent constraints are furthermore obtained for cg]

q2l>

(1] . . . (5]
Caqr CW; and cp— almost identical to the ATLAS-only constraints — and CHVV Vif
to CE]VV v¢¢- These linear combinations are constrained from EWPO measured at

LEP and SLC but also receive important contributions from VH and VBF Higgs
boson production measurements and the production of weak boson pairs. These
contributions of the Higgs and electroweak measurements are expected to become
more important for future measurements with larger datasets.

The results of the fits are compatible with the SM expectation of zero for most fit-

ted parameters, except CE[]VV v > Whose excess is driven by a well-known discrep-

ancy between Ag}’;’ and Ag]’; measurements and the SM expectation. The effect
.. . . [i] [i] (i]

of variations of leading eigenvectors of the ¢y, y ¢ €5 420 and c, q2¢ groups on

the studied observables is shown in Figures 9.19 and 9.20.
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Figure 9.15: Graphical representation of the eigenvectors of the Hesse matrix of the combined LHC+EWPO analysis. Each row corresponds
to an eigenvector, and the matrix visualizes the contribution of each Warsaw basis vector to the eigenvector. The components of
eigenvectors are rounded to the second decimal place, and their size is also indicated by color code. Empty columns correspond
to Wilson coefficients that have little impact on the analyzed measurements and thus contribute to no eigenvector. Eigenvalues
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Figure 9.18: correlation of the measurement of the 28 parameters included in the combined
maximum likelihood fit of the combined LHC+EWPO interpretation.
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9.5.3 Simplified Likelihood

This section presents a simplified statistical model of the measurements allowing
for the reproduction of the presented fit results with high accuracy. It is based
on the model introduced in Equation 9.6, which defines a signal-strength param-
eter for each EWPO, each electroweak measurement bin, and each STXS region.
From the vector of best-fit results, labeled /i, and their covariance, V,,, a Gaussian
approximation of the likelihood is constructed:

L(p) = L A exp (;AMTV;]AM) , (9.6)

(2m)™ det

where n, is the number of signal strength parameters in the multivariate Gaussian
and

Ap=p—f. 9.7)

As a function of the chosen signal strength parameters, the above multivariate
Gaussian is a good approximation of the likelihood due to the large underlying
dataset. By substituting p for the SMEFT parametrization, an approximation of
the likelihood used to constrain Wilson coefficients in this note can be obtained.
The approximate model is also valid in the linear+quadratic scenario, where the
likelihood is non-Gaussian as a function of Wilson coefficients. Profile-likelihood
scans of this simplified model result in constraints very similar to the full model,
as shown in Figure 9.21.

The simplified model is nuisance parameter-free, as the effect of all uncertainties
is encoded in the covariance matrix V|, and thus computationally inexpensive.
The model can, for example, be used to study alternative EFT scenarios by simply
substituting p for a modified or alternative parametrization. As the signal strength
modifiers describe the measurement in relation to the SM expectation, there is
no need to re-evaluate the SM predictions and their uncertainties for such a re-
parametrization.
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SMEFT matching for Two Higgs
doublet models

In Standard Model Effective Field Theory (SMEFT), deviations from the Standard
Model predictions are parametrized by higher-dimensional operators. These oper-
ators can serve as a basis for capturing the effects of specific ultraviolet-complete
models containing heavy particles that will result in a pattern of deviations in
certain SMEFT operators.

The SMEFT UV matching process refers to the process of capturing UV models
in SMEFT. By integrating out the heavy particles in a UV model, the matching
relation to the SMEFT operators is found. These matching relations help establish
the connection between the parameters defining the high-energy UV model and
the Wilson coefficients in the low-energy SMEFT.

Deviations in SMEFT operators can be scrutinized to inform the model-building
of UV theories. In cases where measurements of UV models have already been
performed directly without going through SMEFT, a direct comparison with the
SMEFT matching allows us to probe the reliability of assumptions within SMEFT.
Given that the SMEFT predictions are available primarily at dimension-6, it is
important to test the reliability of the SMEFT matching for known models to check
the robustness of SMEFT to capture signatures of UV models.

The two-Higgs-doublet (2HDM) model is a popular extension to the Standard
Model allowing for a composite Higgs sector and is introduced in Section 2. The
remainder of this chapter will focus on this model, a popular extension of the
SM for which both a direct and a SMEFT-based parametrization of Higgs boson
production and decays is available, and present a comparison of results obtained
through both routes.

10.1 Constraints on two-Higgs-doublet models

For the interpretation of Standard Model Higgs boson measurements in the 2HDM
models, the decoupling limit is assumed, where the observed Higgs boson is as-
sumed to be the light Higgs boson, and the other Higgs bosons in 2HDM are much
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Chapter 10. SMEFT matching for Two Higgs doublet models

heavier than energy scales typically probed, myy > v. This requirement, in turn,
implies the alignment limit, | cos(f — «)| < 1, in which the light scalar Higgs bo-
son h has SM-like couplings. The mass of the light Higgs boson my, is assumed to
be close to 125 GeV, while all other Higgs bosons are assumed to be significantly
heavier (and their masses are assumed to be degenerate, ma ~ my+ ~ my ~ M).
Near the alignment limit, i.e., for small | cos(f3 — «)|, the modifications of the tree-
level couplings of the h boson with respect to the SM predictions follow the ex-
pressions summarized in Table 10.1 [84].

Coupling Type I Type II Lepton-specific Flipped

u,c,t Sp—a+Cp_o/tanf

d,s, b Sp—atCp_o/tanP  sp_o—cp_q xtanP sp_qtcp_/tanP sp_q—Cp_ X tanfP
e, T Sp—atCp_o/tanP  sg_o—cCp_q xtanP sg_y—Cp_o XtanP  sg_o+cp_o/tanp
W,Z Sp—oa

H 3ot (3—22—2) ¢} _ o Sp—a +2c0t(2p) <1—E§>c%_m

h

Table 10.1: Multiplicative factors predicted in the four 2HDM scenarios near the alignment
limit, as a function of tan 3 and cos(p — «), for the Higgs boson couplings to up-
type quarks (1st row), down-type quarks (2nd row), charged leptons (3rd row),
vector bosons (4th row), and to itself (Sth row). The symbol cp_« stands for
cos(B — o), while sg_ stands for sin( — «). The definition of the parameter
m is given below.

In addition to the impact of the tree-level coupling modifications, the production
and decay rates of the h boson are modified through next-to-leading-order elec-
troweak corrections involving the trilinear hhh coupling A [304]. In the 2HDM
framework, this self-coupling A is modified with respect to the SM expectation
Asm by a scale factor [305]

2

i m2

Ka = A/Agm = sin® (B — ) + (322) cos? (B — a) sin(B — &) + 2 cot <2(3 <1 — 2)) cos® (B — ).
My my

(10.1)

m%z
sin 3 cos 3
coefficient of the ((Dxd)z)z term and m;; is the coefficient of the ((DJ{(DZJ term
of the Higgs potential as introduced earlier in Section 2.3.6. Near the alignment
limit considered, the value of T is close to that of ma (A5v? < mfx), and a value
m=mpa = 1 TeV (A5 = 0) is assumed in this section in all scenarios in which the
effect of the self-coupling is considered in the calculation of limits on cos(f3 — «)
and tan f3.

The parameter m is defined by m? = = m}x + Asv2, where A5 is the

In the following sections, limits on the 2HDM parameters cos(3 — «) and tan 3 are
inferred from studies of the ensemble of Higgs boson production and decay rate
measurements in two distinct scenarios: first, by using directly the relationship of
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10.1 Constraints on two-Higgs-doublet models 241

the Higgs boson coupling strength to other particles in the 2HDM model, and then
by using the 2HDM matching relations for the linearized SMEFT statistical model
described in Section 7.3.

10.1.1 Constraints based on k-framework 2HDM coupling strength
modifiers

The Higgs boson production-mode cross-sections and decay branching ratios are
parametrized in terms of the coupling strength to the other elementary particles
in the SM as done in [168]. Within this so-called k-framework, a coupling strength
modifier k;, for a production or decay process via the coupling to a given particle
p is defined as |<]2j =op/ ()‘%M or K% =Tp/ ISM | respectively, where Iy is the partial
decay width into a pair of particles p. In the 2HDM model considered in this study,
the loop-induced processes (gluon-gluon fusion gg — H and gg — ZH produc-
tion, as well as H — yy, H — Zy and H — gg decays) are expressed in terms of
the strength factors for the couplings to the SM particles inside the loop. It is also
assumed that there are no additional contributions of heavy Higgs bosons in the
loop. The impact of the trilinear hhh coupling modifier k) on the Higgs boson pro-
duction and decay rates via NLO electroweak corrections to the LO amplitudes is
included in the parametrization. In the likelihood function given in Equation 5.21
the signal strengths are parametrized in terms of the k-framework and the cou-
ples are expressed in terms of (cos(f — «), tanf) using the relations listed in Ta-
ble 10.1. Confidence regions for tan f and cos(ff — «) can thus be inferred from
the combined measurements of Higgs boson production and decay rates. The re-
sulting 95% CL contours in the (tan 3, cos(p — «)) plane are shown in Figure 10.1.
All models exhibit similar exclusion regions in the (tan 3, cos(3 — «)) plane at
low values (< 1) of tan 3, where only a narrow region of cos(f3 — «) around zero
is consistent with the measured values of the Higgs boson production and decay
rates. The interval of allowed values of cos(f — «) increases in size with tan 3,
up to a total width of about 0.1-0.2 for tan 3 = 1, depending on the model. For
higher values of tan 3, in the models in which at least one of the coupling strength
modifiers is enhanced by a factor tan 3, i.e., all models except type-I, the allowed
range of cos(3 — «) around zero shrinks as tan 3 increases. For the type-I model,
the allowed range of cos(f3 — «) further increases with tan 3, reaching a width of
around 0.5 for tan 3 = 10, but covers regions of the parameter space that devi-
ate significantly from the alignment-limit hypothesis. When the constraint from
the trilinear hhh coupling (k,) is included, the width of the 95% CL interval for
cos(fp — «) at large tan 3 for the type-I model is reduced by about 50%.

An additional feature of the type-I model result is that in the large tan 3 region,
for positive cos(f3 — o), the observed exclusion region is significantly larger than
the expected one. This derives from the fact that the ATLAS measurement of Higgs
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boson production and decay rates favors values of the coupling strength modifiers
to b, t quarks and T leptons smaller than one, and of the couplings to W, Z bosons
larger than one (kg = 0.95+ 0.05 and xy = 1.035 £ 0.031 when assuming that
all fermions share the same modifier kg and that ky = kz = ky [168]). In this
scenario, the model predicts sin( — «) = ky ~ 1 and cos(f — &) = tan (kg —
sin(f — «)) ~ tan (kg — 1), disfavouring positive values of cos(f3 — «) for k¢ < 1.

A second small region of allowed tan 3 and cos(p — «) values for large tan 3 and
cos(p — ) ~ 0.2 is present in type-II, lepton-specific, and flipped models. This
corresponds to regions with cos(f + «) ~ 0, for which some of the fermion cou-
plings have the same magnitude as in the SM but the opposite sign. In particular,
this corresponds to a negative sign of the lepton couplings in the lepton-specific
model, of the down-type quark couplings in the flipped model, or both in the type-
II model. Since the sign of these couplings is not sufficiently constrained by the
current experimental measurements, this region is not excluded. The same region
is, however, not allowed in type-I models, in which down-type quarks and leptons
coupling strength modifiers have the same sign (and value) as for up-type quarks.
In that case, a negative sign of the top-quark coupling strength modifier k. is exper-
imentally excluded by the measurement of H — yy decays, whose branching ratio
depends linearly on k¢kyy as a consequence of the interference between W-boson-
and top-quark-mediated loop amplitudes.

10.1.2 Constraints using an EFT-based approach

The SMEFT matching of the 2HDM model is valid in the decoupling limit of the
2HDM, where the heavy fields decouple from the light fields. In the decoupling
limit, the heavy Higgs bosons can be integrated out, and the matching relations
can be obtained by relating the remaining terms in Lagrangian of the 2HDM to
SMEFT [306-308]. In the decoupling limit, the masses of the heavy Higgs bosons
relate to the scale of New Physics (A) as

MA ~ My, ~Mpz = M=A>v,my ~v. (10.2)

For the 2HDM model, in the exact alignment scenario cos(p — «) — 0, SMEFT
operators are not generated at tree level but appear at 1-loop. Away from the
alignment limit, tree-level contributions to the Yukawa couplings are generated as
well as a correction to the Higgs trilinear coupling. The relevant Wilson coefficients
correspond to the Yukawa modifier of the muon, t-lepton, bottom quark, and top
quark given by (cen 22, CeH,33,CoH, Ctr) and the Higgs boson self-coupling mod-
ifier (cy). The Wilson coefficients are expressed in terms of cos(ff — o) and tan 3
in Table 10.2.
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Figure 10.1: Regions of the 2HDM (tan {3, cos(3 — «)) parameter plane excluded at 95% CL
(light yellow filled regions) in the «-framework-based approach by the mea-
sured rates of Higgs boson production and decays in (a) type I, (b) type II, (c)
lepton-specific and (d) flipped models. The dark yellow dashed lines show the
borders of the corresponding expected exclusion regions for the SM hypothe-
sis. For type-I models, the observed and expected regions excluded at 95% CL
when the k; constraint is considered are also shown (solid and dashed blue
lines). Results are derived assuming | cos(f3 — «)| < 1, near the alignment limit
represented by the red dashed lines, and that the masses of the non-SM-like
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SMEFT parameters Type I Type 11 Lepton-specific Flipped
X—chtH —Yicg_o/tanP  —Yicg_o/tanP —Yicg_o/tanf —Yicg_o/tanp
X—zzch —Ypcp_qo/tanp Ypcp_n tan B ~Ypcp_o/tan Ypcp_n tan P

/"\—chelez —Yucp_o/tanf  —Y,cp_ytanf Yucg_ntanp —Yucp_o/tan B
X—cheH,g —Yecg_o/tanP  —Yicg_tanf Yecp_o tanp —Yicp_o/tan B
)’\—ZZCH céﬁxl\/lf\/v2 céﬂfo\/\zz céﬂxM}\/vz céi‘xM%\/vz

Table 10.2: The Wilson coefficients at lowest order for SMEFT, modifying the Yukawa cou-
plings ctH, CbH, CeH,33, and cey,22 for the top quark, bottom quark, T, and p
parametrized by tan § and cos(3 — «) in the four types of 2HDM where cg_
stands for cos(f3 — ). cy corresponds to modification to the self-coupling of the
Higgs, and M 5o corresponds to the mass of the Heavy Higgs bosons in 2HDM.
Y; corresponds to v/2m; /v.

In these formulae, computed to first order in cos(p — «), Y; = v2my/v are the
SM Higgs boson couplings and the values of 1n; depend on the type of model
(Np = — tan? B in type-II and flipped models, as is 1 in type-II and lepton-specific
models; g 1, = 1 otherwise). The corrections to the HVV vertices are quadratic
in cos(f3 — «) and are captured only by dimension-8 operators. It should be noted
that for the EFT to be valid, A > v and therefore |cos(f — o)| X—zz should be
small, close to the alignment limit.

The operator O4; = (HH)3 is also considered in the models under study, with a
coefficient that scales with cos?( — «) but which can be significantly enhanced
if the other scalar states are much heavier than the SM-like Higgs boson. In that
case, Oq¢ is proportional to (M /v)Z [309]:

2 M 2
%:cos(ﬁfoc)z <v> .

Non-zero values of ¢y modify the trilinear hhh coupling A by a scale factor in
2HDM [310]:

K7\=1—

viey 1_cos([S—oc)2 (M)Z

AmAZ Asm v

In the following, a value of M = 1 TeV is assumed for the masses of the heavy
scalar particles, and thus k) ~ 1 — (11 cos(p — oc))2 for A =1 TeV. The constraint
on k will affect the Type-I 2HDM interpretation, while exclusion limits for all
other types are unaffected. Note that in Equation 10.1.2, the behavior of k) ne-
glected the effects of operators that affect the Higgs boson kinetic term and the
Fermi constant, which do not affect the 2HDM model.

Constraints on the values of tan § and cos(f3 — «) can thus be inferred from those
set On CyH, CtH> CeH,33, CeH,22, and cy by the SMEFT interpretation of the com-
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bined measurement of production and decay rates and STXS. The likelihood model
defined in Section 6.6 is used, expressing the Wilson coefficients c,H, CtH, CeH,33,
CeH,22 and cyy in terms of the 2HDM parameters as in Table 10.2 and fixing all the
other Wilson coefficients to zero. The results are shown in Figure 10.2.

A comparison between the excluded regions from the two approaches is shown in
Figure 10.3.

In the regions where the assumptions used in this study are valid, the excluded
regions are very similar in the two approaches. In the type-I model for large val-
ues of tan 3, the EFT-based approach does not exploit constraints from the HVV
couplings. The constraints from HVV coupling only enter at dimension-8 in the
SMEFT expansion and are not considered here. The SMEFT expansion retains
only terms of O(cos(f3 — «)) in the expansion of k,, leads to looser constraints
on cos(f — «) than the k-framework-based approach, in which ky = sin(ff — «)
and the full dependence of k) on cos(ff — «) is considered. However, part of the
allowed region of parameter space in this case is inconsistent with the alignment
limit hypothesis of | cos(p — )| < 1.

A significant difference between the tan 3, cos(3 — «) constraints from the ap-
proach presented in this section and those obtained using the k-framework-based
approach is the absence here of the second small allowed petal-like region around
tan =~ 10, cos(p — «) ~ 0.2. This difference follows again from the fact that in
the EFT-based approach, only dimension-6 terms are considered in the SMEFT La-
grangian, and a linear expansion of o x B, which does not include terms of second
order in the Wilson coefficients, is performed. As a consequence, the region with
a flipped coupling sign does not appear. This study shows the capability of SMEFT
to capture the main features of the 2HDM model, with the notable exclusion of
the couplings to vector bosons and the absence of the petal regions for the linear
expansion.
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Figure 10.2: Regions of the 2HDM (tan {3, cos(3 — «)) parameter plane excluded at 95% CL
(blue-filled regions) in the EFT-based approach by the measured rates of Higgs
boson production and decays in (a) type-1, (b) type-II, (c) lepton-specific, and
(d) flipped models. The dashed black lines show the borders of the correspond-
ing expected exclusion regions for the SM hypothesis. For type-I models, the
observed and expected regions excluded at 95% CL when the ¢y constraint is
considered are also shown (solid and dashed green lines). Results are derived
assuming |cos(f — )| < 1, near the alignment limit represented by the red
dashed lines, and that the masses of the non-SM-like Higgs bosons are large
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Figure 10.3: Comparison of the constraints from the approaches based on the k- and EFT-
frameworks in the (tanf3, cos(p — «)) plane in 2HDM. The figures overlay
the constraints for the k- and EFT-frameworks shown in Figure 10.1 and Fig-

ure 10.2 respectively for the four types of 2HDM models.
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Conclusions and Outlook

With the growing dataset at the LHC, the experimental program of Higgs boson
physics has grown within a decade from an experimental hunt to an impressive
study of its properties in extensive detail. The dataset has enabled precision mea-
surements of the Higgs boson production mode in different kinematic regimes
across the five main decay channels (H — yy, H — ZZ* — 41, H - WW* —
lvlv,H — bb, and H — t"17). Additionally, the dataset has allowed the search
for rare Higgs boson decays such as H — p*u~ and H — Zy.

The SMEFT interpretation of the Higgs boson STXS measurements from H — vy,
H — ZZ* — 41, and VH,H — bb provided a first opportunity to constrain the
Higgs sector of the SMEFT and resulted in a constraint of ten parameters in the
SMEFT. The expanded interpretation of Higgs boson measurements to include the
other main decay channels (H — 1~ 1t+,H — WW?* — lvlv) and rare Higgs boson
decay channels (H — pu"u~ and H — Zvy) increases the number of constrained
SMEFT parameters from 10 to 19 in the SMEFT. Although no significant deviation
from the Standard Model is observed, these 19 parameters allow excluding scale
of new physics varying from ~300 GeV to ~15 TeV, depending on the parameters.

SMEFT effects are not limited to Higgs boson measurements but are also expected
to affect measurements of other physics sectors. A SMEFT interpretation of the
Higgs boson production measured in the H - WW?* — 1vlv channel is combined
with the kinematic distribution of the leading-lepton transverse momentum in the
production of two W bosons in the pp - WW — lvlv channel. The combined
interpretation of these two analyses results in a constraint on eight SMEFT pa-
rameters. A combination of the Higgs boson measurements with the electroweak
sector measurements from ATLAS, LEP, and SLD shows the utility of the SMEFT as
a global framework. The global fit is sensitive to twenty-eight parameters.

While SMEFT has become the standard procedure for interpreting measurements
performed at the LHC, no significant deviations from the SM were observed with
current data. Many exciting future extensions in both the experimental and the-
oretical front will need to be addressed in the coming years to ensure that the
full potential of the SMEFT is achieved. For example, the SMEFT fits presented
in the thesis do not yet consider CP-odd operators, as the observables considered
are not sensitive to the interference of CP-odd operators with the Standard Model
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operators. Future measurements of angular observable distributions will provide
an opportunity for angular observables to constrain CP-odd operators. Further-
more, the difference in the constraints of the dimension-6 operators with and with-
out quadratic contributions occurring at order A~* indicate that the relevance of
dimension-8 operators is not negligible and must be accounted for in future fits.
This would require developments on the theoretical front to have dimension-8
predictions. For all fits presented in the thesis, the SMEFT parameters are consid-
ered primarily for the signal process and not yet for the background processes. In
the SMEFT framework, background processes are also affected by operators, so it
is necessary to expand the analysis strategy to consider the effects of SMEFT on
background processes. Current SMEFT interpretations are performed on measure-
ments that are not specifically optimized for SMEFT operator sensitivity but rather
for cross-section measurements. As many SMEFT operators only introduce subtle
distortions in differential distributions, this strategy focused on cross-sections can
be very suboptimal, and new ab initio designs of measurements, based on mul-
tivariate classifiers that consider the full kinematic information available in the
event, can significantly increase experimental sensitivity. Guidance from global
fits can furthermore help the design of new measurements to specifically target
the weakly constrained directions in the global parameter space.

The global fit presented in the thesis is limited to the Higgs boson and electroweak
sector. The global fit can be expanded to di-boson measurements that utilize the
full Run-2 dataset, measurements of on-shell and off-shell Drell-Yan production
at the LHC, measurements of top quark production, and additional measurements
from the LEP collider. It is helpful to perform these large-scale fits within collab-
orations with detailed knowledge of the individual measurements. This allows to
perform a consistent combination where overlap in measurements is identified and
resolved either through orthogonalization of correlation modeling with bootstrap
methods, and making combined interpretation models that feature a detailed and
robust modeling of correlated systematic uncertainties.

Finally, SMEFT serves as an interface to UV-complete theories, and there have
been steady theoretical developments in the matching of SMEFT to UV-complete
theories in terms of automated tools [311]. Conversely, information in the SMEFT
parameter space can be mined to inform the viability of possible theoretical exten-
sions to the Standard Model.

While the current SMEFT results are primarily dominated by statistical uncertain-
ties, the twenty times larger dataset of the HL-LHC, with 3000 fb—! at the HL-LHC
will allow to probe the SMEFT parameter space with unprecedented precision. In
the longer-term future, eTe™ colliders operating as Higgs factories will offer sig-
nificantly improved measurement of Higgs boson decays are limited by systematic
effects at the LHC, such as H — bb and H — ct, due to limiting difficulties iden-
tifying their signature in a hadronic collider environment. Their additional ability
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to precisely constrain the Z boson line shape will further strengthen the global
SMEFT program to constrain the electroweak sector of Nature [312].
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Summary

Across civilizations and over thousands of years, humans have been fascinated by
the fundamental building blocks of Nature. This fascination has driven a quest to
unveil the profound truths that shape the fabric of our reality. The current descrip-
tion of fundamental particles and their interactions is given by the Standard Model
of Particle Physics (SM). However, the Standard Model itself is widely regarded as
a stepping stone in the quest for a fundamental understanding of Nature. This the-
sis presents novel interpretations of the data collected by the ATLAS experiment
during the Run-2 of the Large Hadron Collider (LHC) at CERN to extend the Stan-
dard Model by considering the effects of New Physics present at higher energies
than those accessible by the LHC.

Separation of scales: Nature is Effective

An architect does not need to use quantum mechanics to understand the precise
nature of how atoms in a material interact to build a bridge. Instead, without
worrying about the microscopic details of the material, the architect needs to know
the bulk properties of the materials used to build a bridge. How is it possible that
the architect can build a bridge without estimating how the atoms constituting
the material interact? This simple example illustrates the behavior of separation
of scales in the physical world. This separation of scale allows for a process called
decoupling - where the dynamics occurring at larger distances are decoupled from
the underlying dynamics at smaller distances. The effective principle states that
the dynamics at the relevant length scale can be described without knowing the
underlying dynamics at a different scale.

The effective principle is also a powerful way of bettering our understanding of
fundamental particle physics. The theory of the Standard Model, with its origins
extending back a century, has developed hand-in-hand with the experimental ad-
vancements in particle physics. In the study of fundamental particles, accessing
higher energies allows the study of physics at smaller distances, where the LHC
is the most energetic particle collider to date with a center-of-mass energy of 13
TeV. An important milestone of the LHC is the discovery of the Higgs boson with
a mass of 125 GeV in 2012 by the ATLAS and CMS collaborations. The Higgs bo-
son explains the origin of the mass of elementary particles. While it is not known
today if other elementary particles exist at higher energies, the effective principle
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Summary

not only allows to understand why the Standard Model behaves so well at the
energy scale of the LHC but also provides a way to look for the footprints of these
yet-to-be-discovered particles in the ATLAS experiment. Before delving into how
to go beyond the Standard Model, let us step back and go before the Standard
Model to look at an instance of the effective principle at work in particle physics.

Before the Standard Model: The Fermi theory of weak
interactions

In 1933, Enrico Fermi proposed a theory to explain 3-decay, which involved the de-
cay of an atomic nucleus into a 3-particle (an electron or a positron) and an atom
containing the same number of nucleons. Fermi theory prescribes a point-like in-
teraction between the proton (p™*), neutron (n), electron (e ), and anti-neutrino
(Ve), mediated by a coupling with strength G¢ known as the Fermi constant.
The theory was successful in explaining the experimental properties of nuclear
decay rates and the distributions of the kinematic properties for measurements
performed at a similar energy scale.

Fermi theory Standard Model
n v w- Ve
Gr

A

x X S T2
Ipl < Mw Ipl* — M5y,

|p|2)
— [1+0 ([ 5
%, (M%v

-
X G

Figure 11.1: Feynman diagram of the neutron (3-decay in Fermi theory and the Standard
Model. The rate contribution of this process corresponding to the Fermi con-
stant in Fermi theory is the first low-energy approximation of the Standard
Model contribution. The Fermi theory is valid when the momentum exchange,
|pl, is much smaller than the mass of the W boson (M ).

Today, we know that the 3-decay involves the fundamental constituents of the nu-
cleons, the quarks, and it is mediated by the W boson. While Fermi theory ignored
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the presence of the W boson, it was still successful in explaining the experimen-
tal measurements. The success behind the Fermi theory was because the typical
energy exchanged in these processes is much smaller than the W mass and af-
fected the experimental measurements in a feeble manner, much smaller than the
experimental precision. The effects sensitive to the more fundamental structure
are suppressed by additional powers of (| p|/my/) << 1 and can thus be revealed
only when the corrections can be reliably measured. Fifty years later, in 1983, the
discovery of the W boson by the UA1 and UA2 collaborations at the CERN SppS
collider was a major milestone in unearthing the fundamental structure of the
weak interactions. The Feynman diagrams of the process in the Fermi theory and
the Standard Model are shown in Figure 11.1. Since the W boson discovery, fur-
ther discoveries such as the top quark discovery in 1995, the t-neutrino in 2001,
and the Higgs boson in 2012 complete the known constituents of the Standard
Model, as shown in Figure 11.2.

An Effective Approach for the Standard Model

The Standard Model provides a unified description of the strong and electroweak
interactions. While it explains a wide range of experimental measurements, it is
not without limitations. The Standard Model does not explain the origin of dark
matter nor the matter-antimatter asymmetry in the universe, to name a few limi-
tations.

It is not unreasonable to expect that the Standard Model is still an accurate de-
scription of Nature at even higher energies (smaller distances). Instead, the Stan-
dard Model itself can be viewed as a low-energy approximation to a yet-to-be-
discovered fundamental theory. The more fundamental theory is expected to con-
tain new heavy particles at a higher energy scale (A) that is unknown. The Stan-
dard Model can be considered the first term in a low-energy expansion of a more
fundamental theory.

The Standard Model in itself does not contain information on the scale of new
physics. Why does the Standard Model describe measurements at the LHC reason-
ably well? The bulk of the measurement rate of a typical Standard Model process
typically occurs at the EWSB energy scale (Agw/). It corresponds to the momen-
tum transfer in the bulk of the kinematic distribution. If the scale of new physics is
larger than currently accessible by the LHC, the new physics effects are suppressed
by a factor of (Agw/A). It is, therefore, important to perform measurements that
isolate the tails of kinematic distributions, which are enhanced by a factor of E/A.
This behavior is sketched in Figure 11.3.

The low-energy effects of possible new physics are parametrized in an effective
framework known as the Standard Model Effective Field Theory (SMEFT). All pos-
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Figure 11.2: Particle content of the Standard Model of particle physics. Figure taken
from [16].

sible interactions respecting experimentally well-established symmetries are con-
sidered. The new interactions are written as operators that are the footprints of
a more fundamental physics manifest at the energy scale A. The operators are
ordered by their energy dimension (d) and are suppressed accordingly by pow-
ers of A(#~4) The Standard Model does not contain information of A. The first
leading correction is the lepton flavor violating dimension-5 operator, the Wein-
berg operator, responsible for giving masses to neutrinos. The small masses of the
neutrinos (m,) correspond to a high scale of new physics at around 10'3 GeV for
this operator. The next group of operators in SMEFT, at dimension-6, comprises
the leading operators that conserve lepton and baryon numbers. Introducing these
operators leads instead to subtle deviations from the Standard Model in kinematic
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Figure 11.3: An Effective Field Theory (EFT) approach allows to extend the energy reach of
the LHC and to look for New Physics that is too heavy to be directly produced
at the LHC.

distributions, which indicate the presence of new physics at a higher energy scale,
as shown in Figure 11.3.

It is important to note that the effective approach does not make any assumptions
about the precise kind of new particles in the more fundamental theory beyond
them existing at a very high energy scale. On the contrary, it provides a framework
to capture the effects of the new particles from a wide range of possible fundamen-
tal theories. In this sense, the effective approach is, in principle, a model-agnostic
approach and serves as a basis for capturing potential deviations from the Stan-
dard Model.

Constraining the Standard Model Effective Field The-
ory with the ATLAS experiment

The Standard Model Effective Field Theory (SMEFT) allows to extend the Stan-
dard Model by introducing new interactions involving only Standard Model parti-
cles that have direct, measurable effects, modifying (differential) cross-sections of
one or more observable processes. For example, the process of gluon fusion pro-
duction of the Higgs boson, with subsequent decay to four leptons, is sensitive to
the effects of the operators Oy and Oy, through the Higgs boson production
and decay vertex respectively, in addition to the contributions of multiple other
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operators. The Feynman diagrams of this example process and their SMEFT con-
tributions are shown in Figure 11.4.

Standard Model EFT
Ong -
g 9
z -
H
H -
1,7 Z* l
g g
9 " z " 1
9 z v -
1+ 9 " ANC

l+

Figure 11.4: Feynman diagrams for the gluon fusion production of the Higgs boson decay-
ing to four leptons showing the Standard Model contribution and the contri-
bution from two operators O g and Oye.-

It is important in the study of Higgs physics to choose observables that are sensitive
to the effects of the SMEFT operators that can occur in the underlying amplitudes.
Since the discovery of the Higgs boson in 2012, the study of the Higgs boson has
expanded from an exploratory search to a detailed study of its kinematic proper-
ties. The large volume of data collected by the ATLAS experiment during the Run-2
of LHC between 2015-2018 at a center-of-mass energy of 13 TeV allows perform-
ing a comprehensive study of SMEFT operators by looking for the presence of their
modifications in the observable distributions in the data. Additionally, combining
measurements from different Higgs boson decay channels and production modes
allows to constrain the effects of the operators by disentangling the effects of the
operators affecting the production and decay of the Higgs boson.

Due to the large number of operators, the experimental sensitivity is not sufficient
to constrain all possible operators affecting the currently available physics mea-
surements. Thus, a subset of sensitive parameters that are linear combinations of
SMEFT parameters is first identified based on the current experimental sensitivity
of these measurements. The Run-2 dataset allows to perform a detailed test of the
Higgs sector by constraining 19 parameters within the Higgs sector of the SMEFT,
as shown in Figure 11.13.
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Figure 11.5: Constraints on the 19 sensitive parameters in the Higgs sector of the SMEFT
from the ATLAS experiment. The top two rows depict the importance of the cor-
responding measurement in constraining the parameter. The third row shows
the uncertainty of the different parameters and the corresponding energy
reach of each parameter. The bottom row shows the deviation of the mea-
sured value from zero for each parameter, along with its confidence interval,
both scaled with the uncertainty of the parameter.
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SMEFT effects are not limited to Higgs boson measurements but are expected
to also consistently affect measurements of other physics sectors of the Standard
Model. The experimental SMEFT program thus requires a global approach where
measurements from all available physics sectors are considered. The electroweak
(EW) sector of the SMEFT can already be probed with a rich set of measurements,
including electroweak processes at the LHC, such as the di-boson production (WW,
ZZ, WZ) and Z+jets. These measurements have been performed in the ATLAS
experiment and are complemented with precision measurements of the Z boson
performed at previous particle colliders, such as the Large Electron-Positron (LEP)
collider and Stanford Linear Collider (SLC). Given the crucial role of the Higgs
boson in EWSB, Higgs boson measurements are also sensitive to SMEFT opera-
tors occurring in the EW sector. The interplay of SMEFT operators across different
physics processes is illustrated for operator O,(j’;, which affects Higgs boson pro-
duction, di-boson production, and Z boson production as shown in Figure 11.14.
For consistent statistical treatment, overlap between measurements is identified
and resolved through orthogonalization and the construction of combined inter-
pretation models that feature a detailed and robust modeling of correlated system-
atic uncertainties.

Standard Model
q z

>J
q H
q

I
o

H
o

Figure 11.6: Feynman diagrams for the Higgs boson production in association with a weak

boson, di-boson (WW) production, and Z boson production, and the EFT mod-
ification by operator O,(j gl'

A global fit to the Higgs boson and electroweak measurements from the ATLAS
experiment, and the electroweak precision observables from LEP/SLC allows to
constrain the effects of 28 SMEFT parameters as shown in Figure 11.15.
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Matching SMEFT to specific models of New Physics

The SMEFT approach also serves as a framework for capturing information of
experimental measurements that can be subsequently interpreted as constraints
on specific New Physics theories that extend the Standard Model. In this sense,
the SMEFT can be regarded as an intermediate language in testing experimental
particle physics measurements against specific models of New Physics.

The SMEFT interpretation of the Higgs boson measurements is also used in this
thesis to test the accuracy of the SMEFT as an interface to specific UV-complete
theories. A popular UV-complete theory is the Two Higgs Doublet Model (2HDM),
which extends the Higgs sector of the Standard Model by introducing an additional
Higgs doublet field. The extension allows for richer phenomenology compared to
the Standard Model, and the model can lead to interesting features such as CP
violation, non-minimal Higgs boson spectra, non-universal couplings.

The constraints on 2HDM parameters, obtained from matching to constraints on
SMEFT parameters constrained by ATLAS Run-2 Higgs measurements, are shown
in Figure 11.16.
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VS =13TeV, 36.1-139 b1 [ EFT Obs. 95% CL
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Figure 11.8: Constraints on the 2HDM parameter plane (tan 3, cos(p — «)) excluded at
95% CL (blue-filled regions) in the matching of SMEFT to the 2HDM. The
parameter tan 3 is the ratio of the vacuum expectation values of the two Higgs
doublets, and « is the mixing of the neutral CP-even Higgs bosons. In the
2HDM Type-I case, the green region shows the additional constraint provided
by the inclusion of the ¢y parameter.



Some operators will stand the test of time

While it is not known at the time of writing how Nature behaves at a more funda-
mental scale beyond the Standard Model, the effective principle guarantees that
some operators will correspond to the footprints of a more fundamental descrip-
tion of Nature. The current experimental precision of measurements is not yet suf-
ficient to uncover the presence of dimension-6 operators. However, a set of these
operators will have a direct connection to a new understanding of how Nature
behaves at the smallest distances.

An expanded global fit, including measurements from the top quark sector, fla-
vor physics, and low-energy precision observables, will allow to extend the reach
of the SMEFT program and constrain the effects of different SMEFT operators.
Looking ahead, the data-rich regime at the LHC will grow rapidly with the high-
luminosity LHC program, resulting in a 20x larger dataset than what is currently
available today. With this rich dataset and advancement in analysis techniques, it is
only a matter of time before the SMEFT allows to tease out subtle deviations from
the Standard Model with data if such new physics exists at not too high energy
scales. In that case, a select few of the operators depicted in the corners of this the-
sis will be effectively revealed as footprints of a more fundamental understanding
of particle physics beyond the Standard Model.
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Samenvatting

Door de eeuwen heen en over duizenden jaren heen zijn mensen gefascineerd
geweest door de fundamentele bouwstenen van de natuur. Deze fascinatie heeft
geleid tot een zoektocht naar het onthullen van de diepgaande waarheden die de
canvas van onze realiteit vormgeven. De huidige beschrijving van fundamentele
deeltjes en hun interacties wordt gegeven door de theorie van het Standaard-
model van de deeltjesfysica (SM). Het Standaardmodel zelf wordt echter alge-
meen beschouwd als een opstapje in de zoektocht naar een fundamenteel begrip
van de natuur. Dit manuscript presenteert nieuwe interpretaties van de gegevens
verzameld door het ATLAS experiment tijdens Run-2 van de Large Hadron Collider
(LHC) bij CERN om het Standaardmodel uit te breiden door rekening te houden
met de effecten van nieuwe natuurkunde die aanwezig is bij hogere energieén dan
die toegankelijk zijn bij de LHC.

Scheiding van schalen: De Natuur is Effectief

Een architect hoeft geen gebruik te maken van de quantummechanica om de pre-
cieze aard te begrijpen van hoe atomen in een materiaal zich gedragen om een
brug te bouwen. In plaats daarvan, zonder zich zorgen te maken over de micro-
scopische details van het materiaal, moet de architect de bulk-eigenschappen van
de materialen kennen die worden gebruikt om een brug te bouwen. Hoe is het
mogelijk dat de architect een brug kan bouwen zonder de schatting te maken
van hoe de atomen die het materiaal vormen, interageren? Dit eenvoudige voor-
beeld illustreert het gedrag van de scheiding van schalen in de fysieke wereld.
Deze scheiding van schalen maakt een proces genaamd ontkoppeling mogelijk -
waarbij de dynamica die zich voordoet op grotere afstanden wordt ontkoppeld
van de onderliggende dynamica op kleinere afstanden. Het effectieve principe stelt
dat de dynamica op de relevante lengteschaal kan worden beschreven zonder de
onderliggende dynamica op een andere schaal te kennen.

Het effectieve principe is ook een krachtige manier om ons begrip van de funda-
mentele deeltjesfysica te verbeteren. De theorie van het Standaardmodel, met zijn
oorsprong die teruggaat tot een eeuw geleden, heeft zich parallel ontwikkeld met
de experimentele vooruitgang in de deeltjesfysica. Bij de studie van fundamentele
deeltjes maakt de toegang tot hogere energieén het mogelijk om de dynamica
op kleinere afstanden te bestuderen, waarbij de LHC de meest energierijke deelt-
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266 Samenvatting

jesversneller is tot op heden, met een zwaartepuntenergie van 13 TeV. Een belan-
grijke mijlpaal van de LHC is de ontdekking van het higgsboson in 2012 door de
ATLAS en CMS experimenten, met een massa van 125 GeV, wat de oorsprong van
de massa van elementaire deeltjes verklaart. Hoewel vandaag de dag niet bekend
is of andere elementaire deeltjes bestaan op hogere energieén, maakt het effec-
tieve principe niet alleen begrijpelijk waarom het Standaardmodel zich zo goed
gedraagt op de energieschaal van de LHC, maar biedt het ook een manier om te
zoeken naar de sporen van deze nog te ontdekken deeltjes in het ATLAS exper-
iment. Voordat we ingaan op hoe we voorbij het Standaardmodel kunnen gaan,
laten we een stap terug doen en teruggaan naar voor het Standaardmodel om een
voorbeeld te bekijken van het effectieve principe in actie in de deeltjesfysica.

Voor het Standaardmodel: de Fermi-theorie van zwakke
interacties

In 1933 stelde Enrico Fermi een theorie voor om f-verval te verklaren, waarbij
het verval van een atoomkern resulteert in een (-deeltje (een elektron of een
positron) en een atoom met hetzelfde aantal nucleonen. Fermi-theorie schrijft een
puntvormige interactie voor tussen het proton (p*), neutron (n), elektron (e™), en
anti-neutrino (v.), bemiddeld door een koppeling met de sterkte G, bekend als
de Fermi-constante. De theorie slaagde erin de experimentele eigenschappen van
nucleaire vervalpercentages en de verdelingen van de kinematische eigenschappen
te verklaren voordat metingen uitgevoerd op een vergelijkbare energieschaal.

Vandaag de dag weten we dat het (3-verval de fundamentele bestanddelen van de
nucleonen, de quarks, betreft en bemiddeld wordt door het W-boson. Hoewel de
Fermi-theorie de aanwezigheid van het W-boson negeerde, was deze nog steeds
succesvol in het verklaren van de experimentele metingen. Het succes van de
Fermi-theorie kwam doordat de typische energie uitgewisseld in deze processen
veel kleiner is dan de massa van het W-boson, en het de experimentele metingen
op een zwakke manier beinvloedde, veel kleiner dan de experimentele precisie.
De effecten die gevoelig zijn voor de meer fundamentele structuur worden on-
derdrukt door extra machten van (|p|/my/) << 1 en kunnen dus alleen worden
onthuld met een hoge experimentele resolutie. Vijftig jaar later, in 1983, was de
ontdekking van het W-boson door de UA1- en UA2-samenwerkingen bij de CERN
SppS-collider een belangrijke mijlpaal in het blootleggen van de fundamentele
structuur van de zwakke interacties. De feynmandiagrammen van het proces in
de Fermi-theorie en het Standaardmodel worden getoond in Figuur 11.9. Sinds
de ontdekking van het W-boson zijn er verdere ontdekkingen gedaan, zoals de
ontdekking van het topquark in 1995, het t-neutrino in 2001, en het higgsboson
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Figure 11.9: Feynmandiagram van het neutron (-verval in de Fermi-theorie en het Stan-
daardmodel. De bijdrage van dit proces overeenkomend met de Fermi-
constante in de Fermi-theorie is de eerste lage-energiebenadering van de bi-
jdrage van het Standaardmodel. De Fermi-theorie is geldig wanneer de impul-
suitwisseling, |p| veel kleiner is dan de massa van het W-boson (My,).

in 2012, die het huidige begrip van de deeltjesinhoud van het Standaardmodel
completeren, zoals te zien is in Figuur 11.10.

Een Effectieve Benadering voor het Standaardmodel

Het Standaardmodel biedt een verenigde beschrijving van de sterke en elektrozwakke
interacties. Hoewel het een breed scala aan experimentele metingen verklaart,
heeft het zijn beperkingen. Het Standaardmodel verklaart niet de oorsprong van
donkere materie noch de materie-antimaterie-asymmetrie in het universum, om
er slechts een paar te noemen.

Het is niet onredelijk om te verwachten dat het Standaardmodel geen nauwkeurige
beschrijving van de natuur meer is bij nog hogere energieén (kleinere afstanden).
Daarom kan het Standaardmodel zelf worden beschouwd als een benadering op
lage energie van een nog te ontdekken fundamentele theorie. Men verwacht dat
de meer fundamentele theorie nieuwe zware deeltjes bevat op een hogere energi-
eschaal (A) die onbekend is. Het Standaardmodel kan worden beschouwd als het
eerste term in een lage-energie-beschrijving van een meer fundamentele theorie.

Het Standaardmodel bevat op zichzelf geen informatie over de schaal van nieuwe

natuurkunde. Waarom beschrijft het Standaardmodel metingen bij de LHC redelijk
b
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Figure 11.10: De deeltjesinhoud van het Standaardmodel van de deeltjesfysica. Figuur
overgenomen van [16].

goed? Het grootste deel van de meetwaarschijnlijkheid van een typisch Standaard-
modelproces doet zich typisch voor bij de energieschaal van elektrozwakke sym-
metriebreking (Agw) en komt overeen met de impulsuitwisseling in het grootste
deel van de kinematische verdeling. Als de schaal van nieuwe natuurkunde groter
is dan momenteel toegankelijk is door de LHC, worden de effecten van nieuwe
natuurkunde onderdrukt met een factor (Agw /A). Het is daarom belangrijk om
metingen uit te voeren die de staarten van de kinematische verdelingen isoleren,
die worden versterkt met een factor E/A. Dit gedrag is geschetst in Figuur 11.11.

De laag-energetische effecten van mogelijke nieuwe natuurkunde worden gepara-
metriseerd in een effectief kader dat bekend staat als de Standaard Model Effec-
tieve Veldentheorie (SMEFT). Alle mogelijke interacties die experimenteel goed
gevestigde symmetrieén respecteren, worden meegenomen. De nieuwe interacties
worden geschreven als operatoren die de voetafdrukken zijn van een meer funda-
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Figure 11.11: Een benadering met Effectieve Veldentheorie (EFT) maakt het mogelijk om
het energiebereik van de LHC uit te breiden en op zoek te gaan naar Nieuwe
Natuurkunde die te zwaar is om rechtstreeks bij de LHC te worden gepro-
duceerd.

mentele natuurkunde die zich manifesteert op de energieschaal A. De operatoren
zijn geordend naar hun energiedimensie (d) en worden dienovereenkomstig on-
derdrukt door machten van A(4~4), Het Standaardmodel bevat geen informatie
over A. De eerste leidende correctie is de dimensie-5 operator die leptonflavorver-
val mogelijk maakt en bestaat uit één operator, de Weinberg-operator, die verant-
woordelijk is voor het geven van massa aan neutrino’s. De kleine massa’s van de
neutrino’s (m.) komen overeen met een hoge schaal van nieuwe natuurkunde
rond de 103 GeV voor deze operator. De volgende groep operatoren in SMEFT,
op dimensie-6, zijn de leidende operatoren die lepton- en baryonaantal behouden.
De introductie van deze operatoren leidt eerder tot subtiele afwijkingen van het
Standaardmodel in kinematische verdelingen, die wijzen op de aanwezigheid van
nieuwe natuurkunde op een hogere energieschaal, zoals getoond in Figuur 11.3.

Het is belangrijk op te merken dat de effectieve benadering geen aannames maakt
over het precieze soort nieuwe deeltjes in de meer fundamentele theorie, behalve
dat ze bestaan op een zeer hoge energieschaal. Integendeel, het biedt een kader
om de effecten van de nieuwe deeltjes vast te leggen vanuit een breed scala van
mogelijke fundamentele theorieén. In dit opzicht is de effectieve benadering in
principe een model-agnostische benadering en dient als basis voor het vastleggen
van mogelijke afwijkingen van het Standaardmodel.
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Limieten in Effectieve Veldentheorie van het Standaard-
model met het ATLAS experiment

De Effectieve Veldentheorie van het Standaardmodel (SMEFT) maakt het mo-
gelijk om het Standaardmodel uit te breiden door nieuwe interacties in te voeren
die alleen betrekking hebben op de deeltjes van het Standaardmodel en die di-
rect meetbare effecten hebben. Dit resulteert in aanpassingen aan (differentiéle)
werkzame doorsnedes van één of meer waarneembare processen. Bijvoorbeeld het
proces van gluonfusieproductie van het higgsboson, gevolgd door verval tot vier
leptonen, is gevoelig voor de effecten van operator O en operator Oy, via
respectievelijk het productie- en vervalvertex, naast de bijdragen van meerdere an-
dere operatoren. De feynmandiagrammen van dit voorbeeldproces en hun SMEFT
bijdragen worden getoond in Figuur 11.12.

Standaardmodel EFT
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g g
Z U+
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H _
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g z v -
| 9 " , 1+
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Figure 11.12: Feynmandiagrammen voor de gluonfusieproductie van het higgsbosonverval
naar vier leptonen, met de bijdrage van zowel het Standaardmodel als de
bijdrage van de operatoren Oy en Ope.

Bij de studie van higgsfysica is het belangrijk om observabelen te kiezen die gevoelig
zijn voor de effecten van de SMEFT operatoren die zich kunnen voordoen in de

onderliggende amplitudes. De grote hoeveelheid gegevens verzameld door het AT-

LAS experiment tijdens Run-2 van de LHC tussen 2015-2018 bij een zwaartepun-

tenergie van 13 TeV maakt een uitgebreide studie van SMEFT operatoren mogelijk,

door te zoeken naar de aanwezigheid van hun wijzigingen in de waarneembare

verdelingen in de gegevens.



Sinds de ontdekking van het higgsboson in 2012 is de studie van het higgsboson
uitgebreid van een verkennende zoektocht naar een gedetailleerde studie van zijn
kinematische eigenschappen. Bovendien maakt het combineren van metingen uit
verschillende higgsbosonvervalkanalen en productiemodi het mogelijk om de ef-
fecten van de operatoren te limiteren door de effecten van de operatoren die van
invloed zijn op de productie en het verval van het higgsboson te ontwarren.

Vanwege het grote aantal operatoren is de experimentele gevoeligheid niet vol-
doende om alle mogelijke operatoren die de momenteel beschikbare fysieke metin-
gen beinvloeden, te limiteren. Daarom wordt eerst een subset van gevoelige pa-
rameters geidentificeerd, lineaire combinaties van SMEFT parameters, op basis
van de huidige experimentele gevoeligheid van deze metingen. De dataset van
Run-2 maakt een gedetailleerde test van de higgssector mogelijk door 19 parame-
ters binnen de higgssector van de SMEFT te bepalen, zoals getoond in Figuur 11.13.
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Figure 11.13: Limieten op de 19 gevoelige parameters in de higgssector van de SMEFT van
het ATLAS experiment. De bovenste twee rijen tonen de belangrijkheid van
de bijbehorende meting bij het beperken van de parameter. De derde rij toont
de onzekerheid van de verschillende parameters en het bijbehorende en-
ergiebereik van elke parameter. De onderste rij toont de afwijzing ten opzicht
van nul van de gemeten waarde van elke parameter, en het bijbehorende be-
trouwbaarheidsinterval, beide geschaald met de meetonzekerheid.
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SMEFT effecten zijn niet beperkt tot metingen van het higgsboson, maar wor-
den ook verwacht consistent invloed te hebben op metingen van andere fysieke
sectoren van het Standaardmodel. Het experimentele SMEFT programma vereist
daarom een globale aanpak waarbij metingen van alle beschikbare fysieke sec-
toren worden overwogen. De elektrozwakke (EW) sector van de SMEFT kan al
worden onderzocht met een rijke set aan metingen, waaronder elektrozwakke pro-
cessen bij de LHC, zoals dibosonproductie (WW, ZZ, WZ) en Z+jets. Deze metin-
gen zijn uitgevoerd in het ATLAS experiment en worden aangevuld met precisie-
metingen aan het Z-boson uitgevoerd bij eerdere deeltjesversnellers zoals de Large
Electron-Positron (LEP) collider en Stanford Linear Collider (SLC). Gezien de cru-
ciale rol van het higgsboson in EWSB, zijn metingen van het higgsboson ook
gevoelig voor SMEFT operatoren die voorkomen in de EW-sector. De wisselwerk-
ing van SMEFT operatoren tussen verschillende natuurkundige processen wordt
geillustreerd voor operator OS C)I’ die van invloed is op de productie van het higgs-
boson, di-bosonproductie en Z-bosonproductie, zoals getoond in Figuur 11.14.
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Figure 11.14: feynmandiagrammen voor de productie van het higgsboson in samenhang

met een zwak boson, di-boson (WW)-productie en Z-bosonproductie en de

EFT-modificatie door operator O](j’ %.

Een globale fit aan de metingen van het higgsboson en de metingen van de elek-
trozwakke sector van het ATLAS experiment en de elektrozwakke precisieobser-
vaties van LEP/SLC stelt ons in staat om de effecten van 28 SMEFT parameters te
beperken, zoals getoond in Figuur 11.15.
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Afstemming van SMEFT op specifieke modellen van
Nieuwe Natuurkunde

De SMEFT benadering dient ook als een kader om informatie vast te leggen van ex-
perimentele metingen die vervolgens geinterpreteerd kunnen worden als beperkin-
gen op specifieke nieuwe natuurkundige theorieén die het Standaardmodel uitbrei-
den. In deze zin kan de SMEFT worden beschouwd als een tussenliggende taal bij
het testen van experimentele deeltjesfysicametingen aan specifieke modellen van
Nieuwe Natuurkunde.

De SMEFT interpretatie van metingen van het higgsboson wordt ook gebruikt in
dit proefschrift om de nauwkeurigheid van de SMEFT als een interface naar spec-
ifieke UV-volledige theorieén te testen. Een populaire UV-volledige theorie is het
Twee-higgs-doublet (2HDM) model, dat de higgsbosonsector van het Standaard-
model uitbreidt door een extra higgsdoubletveld in te voeren. Deze uitbreiding
zorgt voor een rijkere fenomenologie in vergelijking met het Standaardmodel,
en het model kan leiden tot interessante kenmerken zoals CP-schending, niet-
minimale higgsbosonspectra, niet-universele koppelingen.

De limieten op de parameters van het 2HDM, verkregen uit de overeenkomst met
limieten op SMEFT parameters beperkt door ATLAS Run-2 higgsmetingen, worden
getoond in Figuur 11.16.
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Figure 11.16: limieten in het parametervlak van het 2HDM (tan 3, cos(f — «)) uitges-
loten met 95% betrouwbaarheidsniveau (blauw gevulde gebieden) in de
overeenkomst van SMEFT met het 2HDM. De parameter tan {3 is de verhoud-
ing van de vaculimverwachtingswaarden van de twee higgsdoubletten en «
is de menging van de neutrale CP-even higgsbosonen. In het geval van het
2HDM Type-I, toont het groene gebied de aanvullende beperking die wordt
geboden door de opname van de parameter cyy.

Sommige operatoren zullen de tand des tijds doorstaan

Hoewel het op het moment van schrijven niet bekend is hoe de Natuur zich
gedraagt op een meer fundamentele schaal dan het Standaardmodel, garandeert
het effectieve principe dat sommige operatoren overeenkomen met de kenmerken
van een meer fundamentele beschrijving van de Natuur. De huidige experimentele
precisie van metingen is nog niet voldoende om de aanwezigheid van dimensie-6
operatoren bloot te leggen. Echter, een reeks van deze operatoren zal een directe
verbinding hebben met een nieuw begrip van hoe de Natuur zich gedraagt op de
kleinste afstanden.

Een uitgebreide globale fit, inclusief metingen uit de topquarksector, flavor-fysica,
en laag-energetische precisieobservaties, zal de reikwijdte van het SMEFT pro-
gramma vergroten en de effecten van verschillende dimensie-6 operatoren beperken.
Vooruitkijkend zal het datarijke regime bij de LHC snel groeien met het high-
luminosity LHC-programma, wat resulteert in een dataset die 20 keer groter is dan
wat momenteel beschikbaar is. Met deze rijke dataset en de vooruitgang in anal-
ysemethoden is het slechts een kwestie van tijd voordat het SMEFT subtiele afwi-
jkingen van het Standaardmodel met data kan onthullen, als dergelijke nieuwe
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fysica bestaat op niet al te hoge energieniveaus. In dat geval zullen enkele gese-
lecteerde operatoren, afgebeeld in de hoeken van dit proefschrift, waarschijnlijk
effectief worden onthuld als sporen van een dieper begrip van de deeltjesfysica
dan het Standaardmodel.
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